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1

MULTI-LEVEL MEMORY FOR VERIFYING
PROGRAMMING RESULTS

BACKGROUND OF THE INVENTION

The present invention relates to a multi-level memory, in
particular, to a semiconductor memory device for storing a
multi-level, such as a multi-level flash memory, a multi-level

EEPROM, and a multi-level EPROM.

As a memory cell of the EEPROM, those having a
MOSFET structure where a charge storage layer (floating
gate) and a control gate are laminated and formed on a
semiconductor substrate are known. In general, the memory
cell stores data of one bit 1n one cell by storing a “0” or “1”
according the charge amount stored in the floating gate. In
order to realize an EEPROM of a higher density, a multi-
level memory method where data of multi bits are stored in
one cell 1s known. For example, since data “07, “17, <27, “3”
are stored 1n one cell 1n the four-level memory method, four
charge amounts corresponding to the data are stored in the
floating gate.

With an example of the four-level memory method, a
configuration of the storage state of data will be explained.

With the floating gate charge amount of O defined to be the
neutral state, a state where a positive charge with respect to
the neutral state 1s defined to be the erasure state. The erasure
state corresponds with the data “0”. For example, by apply-
ing a high voltage (to 20 V) to a substrate with a control gate
at 0 V, the erasure can be executed. A state where a negative
charge amount with respect to the neutral state 1s defined to
be the data “1” state. The data “2” state 1s also a state where
a negative charge with respect to the neutral state 1s stored,
but the negative charge amount 1s larger than the negative
charge amount 1n the data “1” state. The data “3” state has
further large negative charge amount.

For example, in the programming operation, with the
substrate, source, drain having O V, and the control gate
having a high voltage (to 20 V), a negative charge is stored
in the floating gate so as to program the data “17, “27, “3”.
In the programming operation, with the substrate having 0 V,
the source and drain having 10 V, and the control gate having
a high voltage (to 20 V), a charge in the floating gate is
retained so as to store the data “0”, in the memory cell.
Accordingly, four programming states (“07, “17, “27, “37)
having threshold levels different from each other in the
memory cell transistor can be realized 1in the memory cell.

As an example of a multi-level memory EEPROM, one
where data of plural bits are programmed 1n a memory cell
simultaneously as multi memory level data 1s known. In
order to shorten the programming time, data of plural bits
are programmed simultancously. In this case, a plurality of
data memory circuits are provided for programming multi-
level data 1n the individual memory cells.

In order to accurately control the programming state, for
example, the control data 1n the data memory circuit are
converted such that the programming state of the memory
cells 1s detected after the programming operation
(programming verification), and if there is a memory cell
with msufficient programming, a programming voltage 1s
applied so as to promote programming only in the memory
cell. By using the converted control data, the programming
operation 1s executed again, and unftil all the selected
memory cells are sufficiently programmed, the program-
ming operation and the verification operation are executed.

However, the conventional multi-level memory
EEPROM as mentioned above involves a problem due to the
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2

programming verification operation 1n addition to the time
needed for actually storing a charge in a floating gate to
prolong the total time necessary for programming. Particu-
larly 1in the case whether each memory cell reached the
programming state 1s detected mdependently, such as, first,
whether the memory cell reached the “1” programming state
1s detected, and then whether the memory cell reached the
“2” programming state 1s detected, the programming time
will be extremely long by detecting all the programming
state for each time. Besides, time needed for reaching the
programming state for the memory cells differ from each
other, that 1s, since the programming operation proceeds in
order of “17, “2”, “3”, even when the easiest memory cell to
program thereto reaches the “1” state, the other memory
cells do not reach the “2” or “3” state, and thus 1t 1s totally
meaningless to detect whether or not they reach the “2” or
“3” state. That 1s, 1n the programming verifying operations,
an unnecessary verifying operation 1s executed at the initial
state of programming, thereby prolonging the programming
fime.

Since the control data are converted by executing the
programming and verification, one data memory circuit has
a plurality of sense circuits. In detecting a desired program-
ming state with a plurality of sense circuits at the same time,
sometimes a sense circuit detects that the programming 1s
suflicient and another sense circuit detects that the program-
ming 1s 1nsuilicient. This 1s due to the sensitivity difference
caused by the irregularity of the transistor performance
comprising the sense circuits. Therefore, sometimes the
control data cannot be converted normally.

As heretofore mentioned, although the multi-level
memory method 1s an effective means for achieving a high
density, due to the difference in time necessary for each
memory cell to reach the programming state, the program-
ming time becomes too long since an unnecessary verily
read 1s executed, thereby also prolonging the programming
time for the programming verification. Further, by detecting
the programming state of one memory cell with a plurality
of sense circuits at the same time, the results may differ due
to the sensitivity difference, thereby the reliability 1s ruined.

BRIEF SUMMARY OF THE INVENTION

An object of the present invention 1s to provide a multi-
level memory capable of shortening the programming veri-
fication time.

Another object of the present mnvention 1s to provide a
multi-level memory with high reliability, capable of provid-
ing stable programming verification results.

In a first aspect of the present invention, the below-
mentioned configuration 1s adopted in order to solve the
above-mentioned problems.

A first multi-level memory according to the first aspect of
the present mvention comprises an electrically program-
mable memory cell having at least an erased state, a first
programming state and a second programming state, and a
programming circult for programming data by repeating a
programming operation by applying a programming voltage
to the memory cell, a first programming verification opera-
tion for confirming whether or not the memory cell reached
the first programming state after the programming operation,
or a second programming verification operation for confirm-
ing whether or not the memory cell reached the second
programming state after the programming operation,
wherein the programming circuit repeats the programming
operation and the first programming verification operation
except for the second programming operation 1n a first
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period of the data programming, and repeats the program-
ming operation, the first programming verification operation
and the second programming verification operation 1n a
second period after the first period of the data programming.

Preferred implementations of the first multi-level memory
of the first aspect of the present invention are as follows.

(1) The programming circuit repeats the programming
operation and the second programming verification opera-
fion except for the first programming operation 1n a third
period after the second period.

(2) The programming circuit changes the programming
voltage to be applied to the memory cell when the memory
cell 1s confirmed to have reached the predetermined pro-
gramming state.

A second multi-level memory according to the first aspect
of the present invention comprises a plurality of electrically
programmable memory cells each having at least an erased
state, a first programming state and a second programming
state, and a programming circuit for programming data by
repeating a programming operation by applying a program-
ming voltage to the plurality of the memory cells at the same
fime, and at least one programming verification operation
selected from the group consisting of a first programming

a=verification operation for confirming whether or not the
memory cell to be 1n the first programming state among the
plurality of the memory cells has reached the first program-
ming state after the programming operation and a second
programming veriiication operation for confirming whether
or not the memory cell to be 1n the second programming
state among the plurality of the memory cells has reached
the second programming state after the programming
operation, wherein the programming circuit repeats the
programming operation and the first programming verifica-
tfion operation except for the second programming operation
in a first period of the data programming, and repeats the
programming operation, the first programming verification
operation and the second programming verification opera-
fion 1n a second period after the first period of the data
programming.

Preferred implementations of the multi-level memory of
the first aspect of the present 1invention are as follows.

(1) The programming circuit repeats the programming
operation and the second programming verification opera-
tion except for the first programming operation in the third
period after the second period.

(2) The programming circuit changes the programming
voltage to be applied to the memory cell to be in the first
programming state when the memory cell to be 1n the first
programming state 1s confirmed to have reached the first
programming state, and changes the programming voltage to
be applied to the memory cell to be 1in the second program-
ming state when the memory cell to be 1 the second
programming state 1s confirmed to have reached the second
programming state.

(3) The first period is preliminarily determined.

(4) The programming circuit repeats the programming
operation and the second programming verification opera-
tion except for the first programming operation when all of

the memory cells to be in the first programming state are
confirmed to have reached the first programming state.

(5) The programming circuit simultaneously detects
whether or not all of the memory cells to be 1 the first
programming state have reached the first programming state.

(6) The programming circuit simultaneously detects
whether or not all of the memory cells to be 1n the second
programming state have reached the second programming,
state.
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(7) The programming circuit applies an equal program-
ming voltage to the memory cell to be 1n the first program-
ming state and to the memory cell to be in the second
programming state.

(8) The programming circuit completes the programming
operation after confirming that all of the memory cells
applied with programming have reached a desired program-
ming state.

(9) The programming circuit simultaneously detects that
all of the memory cells applied with programming have
reached the desired programming state.

A multi-level memory according to the first aspect of the
present 1nvention executes the programming verification
based on only the programming state where the program-
ming verification to be executed after programming 1s
necessary. That 1s, data “17, “27, “3” verily read 1s selected
and executed. Since the time necessary for reaching the
programming state for each memory cell differs, 1n consid-
eration thereof, the verily read i1s executed only when it is
necessary. Thereby, an unnecessary programming verifica-
fion time can be omitted, and thus a multi-level memory

programmable at a high speed can be realized.

A multi-level memory according to the second aspect of
the present invention comprises a memory cell array com-
prising a plurality of nonvolatile memory cells each of
which can store data of an n value (n£3), and data memory
circuits for storing control data for determining a program-
ming control voltage to be applied to a selected memory cell
in the memory cell array in a programming operation,
wherein the data memory circuits apply the programming
control voltage to the selected memory cell based on the
control data stored in the data memory circuits, the data
memory circuits storing first control data detect whether or
not the selected memory cell reached the first state and when
it has reached, the control data are changed to second control
data, the data memory circuits storing the second control
data detect whether or not the selected memory cell reached
the second state and when 1t has reached, the control data are
changed to third control data.

Preferred implementations of the multi-level memory of
the second aspect of the present invention are as follows.

(1) The first state has a first threshold voltage level, and
the second state has a second threshold level, which 1s lower
than the first threshold voltage level.

(2) The data memory circuits comprise first sub-data
circuits and second sub-data circuits, wherein the first sub-
data circuits store sub-data of a first logic level and the
second sub-data circuits store sub-data of a first logic level
for storing the first control data, the first sub-data circuits
store sub-data of a first logic level and the second sub-data
circuits store sub-data of a second logic level for storing the
second control data, and the first sub-data circuits store
sub-data of the second logic level and the second sub-data

circuits store sub-data of the second logic level for storing
the third control data.

(3) The data memory circuits detect whether or not a
programming state of the selected memory cell reached the
first state by one of the first and second sub-data circuits, and
whether or not the programming state of the selected
memory cell reached the second state by the other one of the
first and second sub-data circuits.

(4) A circuit for simultaneously detecting whether or not
all the sub-data stored in the first and second sub-data

circuits constituting all the data memory circuits are at the
second logic level 1s further provided.

(5) The memory cell stores four-levels, and each of the
first and second sub-data circuits includes a flip-flop circuat.
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(6) The memory cell stores three-level, and each of the
first and the second sub-data circuits includes a flip-flop
circuit.

A multi-level memory according to the second aspect of
the present invention executes the sense operation only with
one sub-data circuit for detecting a programming state at the
fime of the programming verification to be executed after
programming. Thereby, the programming verification result
can be stable so that a mulfi-level memory with a high
reliability can be realized.

Additional objects and advantages of the present mven-
tion will be set forth in the description which follows, and
in part will be obvious from the description, or may be
learned by practice of the present invention. The objects and
advantages of the present invention may be realized and
obtained by means of the mstrumentalities and combinations
particularly pointed out 1n the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of the specification, 1llustrate presently
preferred embodiments of the present invention and,
together with the general description given above and the
detailed description of the preferred embodiments given
below, serve to explain the principles of the present inven-
tion 1n which:

FIG. 1 1s a block diagram showing a schematic configu-
ration of a multi-level memory of the present mnvention;

FIG. 2 1s a circuit diagram showing a configuration of a
memory cell array and a bitline control circuit of a first
embodiment of the present invention shown in FIG. 1;

FIGS. 3A and 3B are cross-sectional views of the memory
cell and a select transistor shown 1n FIG. 2;

FIG. 4 1s a cross-sectional view of a NAND type cell unit
shown 1n FIG. 2;

FIG. 5 1s a circuit diagram for explaining a further
concrete configuration of the memory cell array and a data
memory circuit shown 1n FIG. 2;

FIG. 6 1s a diagram showing a conifiguration of a data
detection circuit shown 1n FIG. 1;

FIG. 7 1s a timing chart showing the reading operation of
a four-level data stored mn the memory cell in the first
embodiment of the present invention;

FIG. 8 1s a timing chart showing the initial setting of
control data to the data memory circuit and the programming
operation 1n the first embodiment of the present invention;

FIG. 9 1s a timing chart showing the programming veri-
fication operation i1n the first embodiment of the present
mvention;

FIG. 10 1s a flow chart showing the program flow of
multi-level memory 1n the first embodiment of the present
mvention;

FIG. 11 1s a chart showing the programming characteristic
of a memory cell 1n the first embodiment of the present
mvention;

FIG. 12 1s a diagram showing a modification of the data
detection circuit shown 1n FIG. 1;

FIG. 13 1s a flow chart showing a modification of a
program flow of a multi-level memory 1n the first embodi-
ment of the present mnvention;

FIG. 14 1s a circuit diagram for explaining a concrete
configuration of the memory cell array and the bitline
control circuit of the second embodiment of the present
mmvention shown in FIG. 1;
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FIGS. 15A and 15B are a symbol diagram of a clock
synchronous inverter shown 1n FIG. 14 and a detailed circuit
diagram thereof;

FIGS. 16A and 16B are timing charts showing the reading,
operation of four-level data stored in the memory cell 1 the
second embodiment of the present 1nvention;

FIG. 17 1s a timing chart showing the 1nitial setting of
control data to the data memory circuit and the programming
operation 1n the second embodiment of the present inven-
tion;

FIGS. 18A to 18C are timing charts showing the pro-
cramming verification operation 1n the second embodiment
of the present invention;

FIG. 19 1s a flow chart showing the program flow of
multi-level memory 1n the second embodiment of the

present 1nvention;

FIG. 20 1s a flow chart showing a modification of the
program flow of multi-level memory 1n the second embodi-
ment of the present invention; and

FIG. 21 1s a chart showing a modification of the data
detection circuit shown 1 FIG. 1.

DETAILED DESCRIPTION OF THE
INVENTION

Hereinafter embodiments of the present invention will be
explammed with reference to the accompanying drawings.

FIG. 1 1s a block diagram showing the schematic con-
figuration of a multi-level memory of the present invention,
specifically, a multi-level memory type NAND flash
memory.

A memory cell array 1 comprises a plurality of memory
cells where data can be electrically reprogrammed 1n a
matrix manner. The memory cell array 1 includes a plurality
of bitlines to be connected to each memory cell per row, and
a plurality of word lines to be connected to each memory cell
per column. A bitline control circuit 2 for controlling the
bitlines, and a word line control circuit 6 are provided for the
memory cell array 1.

The bitline control circuit 2 reads out data in the memory
cells of the memory cell array 1 via the bitlines, detects the
state of the memory cells 1n the memory cell array 1 via the
bitlines, or programs the memory cells by applying a pro-
cramming control voltage to the memory cells 1n the
memory cell array 1 via the bitlines. The bitline control
circuit 2 1ncludes a plurality of data memory circuits. Data
of the memory cells read out from a data memory circuit
selected by a column decoder 3 are outputted to the outside
from a data input/output terminal § via a data input/output
buffer 4. Programming data inputted from the outside to the
data 1nput/output terminal 5 are mputted to a data memory
circuit selected by the column decoder 3 as the 1nitial control
data via the data input/output buffer 4. In order to detect the
contents stored i1n the plurality of data memory circuits
included in the bitline control circuit 2, a data detection
circuit 9 1s provided.

The word line control circuit 6 selects a word line 1n the
memory cell array 1, reads, programs, or applies a voltage
necessary for erasure thereto.

The memory cell array 1, the bitline control circuit 2, the
column decoder 3, the data input/output buffer 4, the word
line control circuit 6, and the data detection circuit 9 are
controlled by a control signal and control voltage generating
circuit 7. The control signal and control voltage generating
circuit 7 1s controlled by a control signal mnputted from the
outside to a control signal input terminal 8. Further, it
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responds to the content of the plurality of data memory
circuits included 1n the bitline control circuit 2 detected by
the data detection circuit 9.

FIG. 2 shows a configuration of the memory cell array 1
and the bitline control circuit 2 shown 1n FIG. 1 of the first

embodiment of the present invention.

One end of a NAND type cell unit where four memory
cells M are serially connected 1s connected to a bitline BL
via a select transistor S, and the other end 1s connected to a
common source line SRC via a select transistor S. A control
gate electrode of the memory cell M 1s connected to a word
line WL. The two select transistors S are connected to select
cgates SG1 and SG2, respectively. The memory cells M
sharing one word line WL form a unit referred to as a page.
One block 1s formed with four pages. Here an example of
two blocks 1s shown, but the number can be an optional
integer, for example, 1024 blocks. 4224 bitlines of bitlines
BL from BLO to BLL4223 are shown, but the number can be

an optional integer, for example, 2112 bitlines.

The bitline control circuit 2 includes a plurality of data
memory circuits 10. Here one data memory circuit 10 is
provided for two bitlines BL, but the number can be an
optional integer, for example, one can be provided for one,
four, six, or nine bitlines. A signal CSL 1s an output signal
from the column decoder 3. For example, data of the
memory cells stored 1n the data memory circuit 10 con-
nected to the bitlines BLO, BL1 are outputted to the data
input/output butfer 4 by CSLO and CSL1. For example,
control data are transferred initially from the data input/
output buifer 4 to the data memory circuit 10 connected to
the bitlines BL2, BL3 by CSL2 and CSL3. The data memory
circuit 10 reads the data of a memory cell connected to either
one of the bitlines at the time of reading. Further, it applies
a programming control signal according to the control data
stored 1In a memory cell connected to either one of the
bitlines at the time of programming. It detects the program-
ming state of a memory cell connected to either one of the
bitlines at the time of the programming state detection.

FIGS. 3A and 3B are cross-sectional views of the memory
cell M and the select transistor S respectively shown 1n FIG.
2. An n-type diffusion layer 12 1s formed on the 1 surface of
a p-type semiconductor substrate 11. In the memory cell M,
a floating gate 14 1s formed on the semiconductor substrate
11 via an 1nsulation film 13, and a control gate 16 serving as
a word line WL 1s formed thereon via an insulation film 15.
In the select transistor S, a select gate 18 serving as a select
cgate SG 1s formed on a semiconductor substrate 11 via an
insulation film 17.

FIG. 4 1s a cross-sectional view of the NAND type cell
unit shown 1 FIG. 2 with select transistors at both ends.
Four memory cells M are serially connected with one end
connected to a common source line SRC wvia a select
transistor S. The other end 1s connected to a bitline BL via
a select transistor S. At the time of programming, for
example, 20 V 1s applied to a selected word line WIL2. On
the other hand, 10 V 1s applied to non-selected word lines
WL1, WL3, and WIL4. A power supply voltage VCC 1s

applied to a select gate SG1. 0 V 1s applied to a select gate
SG2.

In the case of a four-level memory device, in program-
ming data “17, “27, “3”, the bitline BL 1s set to 0 V.
Accordingly, electrons are injected to a floating gate 1n the
selected memory cell to have a positive threshold voltage. In
programming data “0”, the power supply voltage VCC 1s
applied to the bitline BL. In this case, electrons are not
injected to the floating gate. The bitline BL voltage in
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programming the data “17, “27, “3” may not be 0 V. For
example, 1t 1s possible to set the voltage of the bitline BL for
programming the data “1” at 0.8 V, and the bitline BL for
programming the data “2”, “3” at 0 V. This 1s because the
clectron amount to be 1njected to the floating gate of the
memory cell M for storing the data “1” can be less than the
clectron amount to be injected for storing the data <27, “3”.
The voltage of the bitline BL for programming the data “17,
“27,%“3” can be different from each other. For example, they
can be 0.8 V, 0.4 V, and 0 V, respectively.

At the time of erasure, the substrate voltage Vsub 1s set at
20 V. The select gates SG1 and SG2, the common source line
SRC, and the bitline BL are also set at 20 V. With the word
lines WL1 to WL4 of the block to be erased set at 0 V,
clectrons are discharged from the floating gate to have a
negative threshold voltage (data “0” state). With the word
lines WL1 to WL4 of a block not to be erased set at 20 V,

clectrons are not discharged from the floating gate.

In the case of a four-level memory, the threshold voltage
of the memory cell corresponding to the data “0” 1s set at 0
V or less, the threshold voltage of the memory cell corre-
sponding to the data “1” 1s set at 0.4 V to 0.8 V, the threshold
voltage of the memory cell corresponding to the data “2” 1s
setat 1.2 V1o 1.6 V, and the threshold voltage of the memory
cell corresponding to the data “3” 1s set at 2.0 Vto 2.4 V. At
the time of reading, the selected word line WL2 1s set at
Vread. The non-selected word lines WL1, WL3, and WL4
are sct at the power supply voltage VCC (for example, 3.3
V). The select gates SG1 and SG are also set at VCC. The

common source line SRC 1s set at 0 V.

(1) With Vread set at 0 V, if the selected memory cell
stores the data “17, “27, or “3”, the voltage of the bitline
charged to VCC 1n the floating state remains at VCC. If the
selected memory cell stores the data “0”, the voltage of the
bitline charged to VCC 1n the floating state lowers to 0 V.,

(2) With Vread set at 1 V, if the selected memory cell
stores the data “27, or “3”, the voltage of the bitline charged
to VCC 1n the floating state remains at VCC. If the selected

memory cell stores the data “0” or “1”, the voltage of the
bitline charged to VCC 1n the floating state lowers to 0 V.

(3) With Vread set at 1.8 V, if the selected memory cell
stores the data “3”, the voltage of the bitline charged to VCC
in the floating state remains at VCC. If the selected memory
cell stores the data “07, “17, or “2”, the voltage of the bitline
charged to VCC 1n the floating state lowers to 0 V.

As the above-mentioned (1) to (3), by detecting the
voltage of the bitline when the voltage Vread 1s changed, the
data stored 1 the memory cell M can be judged.

FIG. 5 1s for explaining a further concrete configuration of
the memory cell array 1 and the data memory circuit 10
shown 1 FIG. 2. A partial circuit configuration 1s shown,
paying attention to the bitline BLi and BLi+1. Here a
conilguration of a four-level memory flash memory is pre-
sented.

The data memory circuit 10 comprises first and second
sub-data circuits 20 and 21, including a flip-flop circuit,
respectively. Specifically, the first sub-data circuit 20 com-
prises p-channel MOS ftransistors Qpl and Qp2, and
n-channel MOS transistors Qnl, Qn2, Qnd, QnS, and QnS.
The second sub-data circuit 21 comprises p-channel MOS

transistors Qp4, and QpS5, and n-channel MOS transistors
Qnl2, Qnl3, Qnl5, Qnl6, and Qnl9. The first and second

sub-data circuits 20 and 21 store first and second sub-data at
the time of programming, and store first and second reading
sub-data at the time of reading. P-channel MOS transistors
Qp3 and Qpb are for resetting the first and second sub-data
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circuits 20 and 21, respectively. When being reset, a node
Nai 1n the first sub-data circuit 20 becomes “H” level. This
1s the state where the first sub-data circuit 20 stores the first
reading sub-data of “1” or the first sub-data of “1”. When
being reset, a node Nai+1 in the second sub-data circuit 21
becomes “H” level. This i1s the state where the second
sub-data circuit 21 stores the second reading sub-data of “1”
or the second sub-data of “1”. When the node Nai 1n the first
sub-data circuit 20 1s “L” level, this 1s the state where the
first sub-data circuit 20 stores the first reading sub-data of

“0” or the first sub-data of “0”. When the node Nai+1 1n the
second sub-data circuit 21 1s “L” level, this 1s the state where

the second sub-data circuit 21 stores the second reading
sub-data of “0” or the second sub-data of “0”.

The n-channel MOS transistors Qn6é and Qnl7 are for
connecting the first and second sub-data circuits 20 and 21
with data mput/output lines IOL and IOU electrically. To
cach gate electrode, the output CSLi and CSLi1+1 from the
column decoder 3 1s applied. For example, with CSL1 at
“H”, the first sub-data circuit 20 of the data memory circuit
10 provided to the bitlines BL.1 and BLi+1 and the data
input/output line IOL are electrically connected. The data
input/output lines IOL and IOU are connected to the data
input/output buffer 4 so that sub-data can be set in the first
sub-data circuit 20. Or reading sub-data of the first sub-data
circuit 20 can be outputted to the data input/output butler 4.
N-channel MOS transistors Qnd and Qnl4 are for presetting
sub-data of “0” 1n the first and second sub-data circuits 20
and 21. When being preset, the node Nai 1n the first sub-data
circuit 20 becomes “L” level. When being preset, the node
Nai+1 1n the second sub-data circuit 21 becomes “L” level.

N-channel MOS transistors Qn7 and Qn8 control the
voltage of the bitline BL1 or BLi+1 according to the first
sub-data stored in the first sub-data circuit 20. N-channel
MOS ftransistors Qnl8 and Qnl9 control the voltage of the
bitline BL1 or BLi+1 according to the second sub-data stored
in the second sub-data circuit 21.

N-channel MOS transistors Qn7 and Qn9 set the voltage
of the bitline BL1 or BLi1+1 at O V when the first sub-data of
“1” are stored 1n the first sub-data circuit 20. N-channel
MOS transistors Qnl8 and Qn20 set the voltage of the

bitline BL.1 or BLLi+1 at O V when the second sub-data of “1”
are stored 1n the second sub-data circuit 21.

N-channel MOS transistors Qnl0 and Qn21 control the
clectric connection of the first and second sub-data circuits
20 and 21, and the bitline BL1 or BL1+1. When the signal
BLC1 1s “H” and the signal BLC2 1s “L”, the first and
second sub-data circuits 20 and 21, and the bitline BL.1 are
clectrically connected. When the signal BLC1 1s “L” and the
signal BLC2 1s “H”, the first and second sub-data circuits 20
and 21, and the bitline BLi+1 are electrically connected.

N-channel MOS transistors OQnll and Qn22 control the

clectric connection of the bitline BL1 and the voltage VBL1,
and the electric connection of the bitline BLi+1 and the
voltage VBL2. When the signal PRE1 1s “H”, the bitline
BL1 and the voltage VBL1 are electrically connected. When
the signal PRE2 1s “H”, the bitline BLi+1 and the voltage
VBL2 are electrically connected.

Signals RST, SEN1, RD1, RD2, PRO1, PRO2, PRST,
BLC1, BLC2, PRE1, PRE2, voltages VRP, VBLl VBL2 are
output Signals of the control signal and control voltage
generating circuit 7, which are common to all of the data
memory circuits 10 shown 1n FIG. 2. The data input/output
lines IOL and IOU are connected to the data input/output
buffer 4, which are common to all of the data memory
circuits 10 shown in FIG. 2. The voltage VCC 1s a power
supply voltage, and 1s, for example, 3.3 V.
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The first and second sub-data circuits 20 and 21 store
sub-data of “0” or “1”. On the other hand, each of them
changes the stored sub-data of “1” responding to the “H”
level of the bitline signal to sub-data of “0” as a sense circuit,
and stores the sub-data of “0”. The first and second sub-data
circuits 20 and 21 store reading sub-data of “0” or “1”, and
cach of them changes the stored reading sub-data of “1”
responding to the “H” level of the bitline signal to reading
sub-data of “0”, and stores the sub-data of “0”.

When the signal SEN1 or SEN2 shown 1n FIG. 5 becomes
“H” with the “H” level of the bitline BL transferred to the
cgate electrode of the n-channel MOS ftransistor QnS or
Qnl6, the n-channel MOS transistor QnS5 or Qnl6é 1s
executed and the node Nai or Nai+1 becomes the “L” level.
Accordingly, the sub-data or reading sub-data of “1” are
changed to the sub-data or reading sub-data of “0”. Since the
sub-data or reading sub-data of “0” have the node Nai or
Nai+1 of the “L” level, they are not changed. Further, the
sub-data or reading sub-data are not changed by the “L”
level of the bitline BL since the n-channel MOS transistor
QnS or Qnlé6 1s not executed. The first and second sub-data
circuits can be realized not only 1n the configuration shown
in FIG. 5 but also in various circuits having the above-
mentioned functions.

FIG. 6 shows a concrete configuration of the data detec-
tion circuit 9 shown 1n FIG. 1. A circuit comprising an
mverter 11, and NAND logic circuits G1, G2, G3, detects
whether or not control data of “1” exist in the data memory
circuits 10. If even one of the data memory circuits 10 has
control data of “1”, the signal FR1 becomes “H”. A circuit
comprising an inverter 12, and NAND logic circuits G4, GS,
(6, detected whether or not control data of “2” exist in the
data memory circuits 10. If even one of the data memory
circuits 10 has control data of “2”, the signal FR2 becomes
“H”. A circuit comprising an inverter 13, and NAND logic
circuits G7, G8, G9, detects whether or not control data of
“3” exist 1n the data memory circuits 10. If even one of the
data memory circuits 10 has control data of “1”, the signal
FR3 becomes “H”. When the signal DT 1s “H”, the control
data of the data memory circuits 10 are detected via the data
mnput/output lines IOL and IOU. When the signal DRSTB
becomes “L”, the signals FR1, FR2, and FR3 are reset to be
“L”. The signals DT and DRSTB are output signals of the
control signal and control voltage generating circuit 7. The

signals FR1, FR2, and FR3 are fed back to the control signal
and control voltage generating circuit 7.

FIG. 7 shows the reading operation of four-level data
stored 1n a memory cell. Here, an example where bitlines
BLO, BL2, ...,BLi, ..., BL4222 are selected (BL1 is shown
as the representative thereof), and the word line WL2 is
selected 1s shown. If the memory level 1s defined to be three
levels, three-level memory can be realized readily. The
voltages VBL1, VBL2 are 0 V during the reading operation.

The signal BCL1 becomes “H” so that the bitline BL1 1s
selected (t1). By the signal RST, the first and second reading
sub-data of “1” are set 1n the first and second sub-data
circuits 20 and 21, respectively (t1 to t2). The voltage VRP
becomes the power supply voltage VCC (t1).

The signal PRE1 becomes “L” so that the bitline BL1 and
the voltage VBL1 are disconnected (t3). The signal PRO2
becomes “H” (t3), and the bitline BL1i is charged to the “H”
level by the second sub-data circuit 21 (t3 to t4). Then, the
select gates SG1 and SG2 of the selected block and the
non-selected word lines WL1, WL3, WL4 are set to be the
power supply voltage VCC so that the selected word line

WL2 becomes 1.8 V (14). The relationship between the data
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stored 1n the memory cell M and the thresholds are shown
in Table 1.

TABLE 1

Data of Threshold voltage
memory cell of the memory cell
0 0V or less
1 0.4 V08V
2 1.2V-1.6V
3 20V-24YV

With the selected word line WL2 at 1.8 V, only when the
memory cell stores the data of “3”, the bitline BL1 remains
at “H” (FIG. 7(1)). In the other cases, the bitline BLI

becomes “L” (FIG. 7(2)). Then with the signals SEN1 and
SEN2 at “H”, the voltage of the modulated bitline BL1 1s

sensed and read out (t5 to t6). Only in the case the memory
cell stores the data of “3”, the first and second reading
sub-data of the first and second sub-data circuits 20 and 21
become “0”. In the other cases, the first and second reading
sub-data remain “1”.

The signal PRE1 becomes “H” (t6 to t7) so that the bitline
BLi is reset at 0 V. Then the signal PRO2 becomes “H” (t7
to t8) so that only when the second reading sub-data are “17,
the bitline BL1 1s charged to the “H” level by the voltage
VRP (17 to t8). The bitline BLi remains at the “L” level when
the second reading sub-data stored in the second sub-data
circuit 21 are “0” 1 (FIG. 7(5)). The select gates SG1 and
SG2 of the selected block and the non-selected word lines
WL1, WL3, WL4 are set at the power supply voltage VCC
so that the selected word line WL2 is set at 1.0 V (8).

With the selected word line WIL2 at 1.0 V, only when the
memory cell stores the data of “2”, the bitline BL1 remains
at “H” (FIG. 7(3)). In the case the memory cell stores the
data of “1” or “07”, the bitline BLi becomes “L” (FIG. 7(4)).
Then with the signal SEN2 at “H”, the voltage of the
modulated bitline BLi is sensed and read out (19 to t10).
Only in the case the memory cell stores the data of “2”, the
second reading sub-data change from “1” to “0”. In the case
the memory cell stores the data of “1” or “0”, the second
reading sub-data remains “1”. In the case the memory cell
stores the data of “3”, the second reading sub-data is already
“0”.

The signal PRE1 becomes “H” (t10 to t11) so that the
bitline BL1 1s reset at O V. Then the signal PRO2 becomes
“H” (t11 to t12) so that only when the second reading
sub-data are “17, the bitline BL1 1s charged to the “H” level
by the voltage VRP (t11 to t12). The bitline BLi remains at
the “L” level when the second reading sub-data stored in the
second sub-data circuit 21 are “0” (FIG. 7(8)). The select
cgates SG1 and SG2 of the selected block and the non-
selected word lines WL1, WL3, WL4 arc set at the power
supply voltage VCC so that the selected word line WL2 1s

set at 1.0 V (112).

With the selected word line WL2 at 1.0 V, only when the
memory cell stores the data of “1”, the bitline BL1 remains
at “H” (FIG. 7(6)). In the case the memory cell stores the
data of “0”, the bitline BLi becomes “L” (FIG. 7(7)). Then
with the signal SEN1 at “H”, the voltage of the modulated
bitline BLi is sensed and read out (t13 to t14). Only in the
case the memory cell stores the data of “1”, the second
reading sub-data change from “1” to “0”. In the case the
memory cell stores the data of “07, the first reading sub-data
remains “1”. In the case the memory cell stores the data of
“3”, the first reading sub-data 1s already “0”. In the case the
memory cell stores the data of “2”, since the voltage of the
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bitline BL1 1s “L” regardless of the memory cell, the first
reading sub-data remains “1”.

With the signals CSLi1i and CSLi+1 at “H”, the first
reading sub-data are outputted to the data input/output line
IOL so as to be outputted to the outside from the data
mnput/output line IOU wvia the data output buffer 4. The
second reading sub-data are outputted to the data mput/
output line IOL so as to be outputted to the outside from the
data 1nput/output line IOU wvia the data output buffer 4.
According to the signal CSL selected by the column decoder
3, first and second reading sub-data of an optional column
address can be outputted.

During the reading operation, the non-selected bitline
BLi1+1 1s fixed at the voltage VBL2. Herein 1t 1s 0 V.

The relationship between the four-level data of the

memory cell and the first and second reading sub-data are
shown 1n Table 2.

TABLE 2

Data of First reading Second reading
memory cell sub-data sub-data
0 1 1
1 0 1
2 1 0
3 0 0

FIG. 8 shows the 1nitial setting of the control data and the

programming operation to the data memory circuit 10. Here,
an example where bitlines BLO, BL2, . .., BL41, ..., BL4222

are selected (BL1 is shown as the representative thereof), and
the word line WL2 1s selected 1s shown. If the memory level
1s defined to be three levels, three-level memory can be

realized readily.

The 1nitial setting of the control data to the data memory
circuit 10 comprising the bitline BLi1 can be executed as
mentioned below. With the initial sub-data of the first
sub-data circuit 20 being transferred to the data input/output
line IOL and the signal CSL1 becomes “H”, the initial
sub-data are stored in the first sub-data circuit 20. At the
same time, with the initial sub-data of the second sub-data
circuit 21 transferred to the data input/output line IOU and
the signal CSLi+1 become “H”, the initial sub-data are
stored 1n the second sub-data circuit 21. The relationship
between the 1nitial control data and the initial sub-data are
shown 1n Table 3.

TABLE 3

Initial Initial sub-data Initial sub-data

control of the first of the second
data sub-data circuit sub-data circuit
0 0 0
1 1 0
2 0 1
3 1 1

Here, 1t 1s preferable to set the signal PRST at “H” so that
the control data of all the data memory circuits 10 are preset
at “0” before setting all the i1nitial control data. As later
described, since the state of the memory cell cannot be
changed by the control data “0”, the initial control can be set
from the outside only to desired data memory circuits 10
among the 2112 pieces of the data memory circuits 10. Of
course the 1nitial control data can be set from the outside to
all the 2112 pieces of the data memory circuits 10.

In the programming operation, the signal BLC1 becomes
“H” so that the bitline BL1i is selected (t1). With the signal
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DRSTB becoming “L”, the data detection circuit 9 1s reset
(t1 to t2). With the voltage VBL1 at VCC, the selected
bitline BL1 1s charged to the VCC via the n-channel MOS
transistor Qnll. Then with the signal PRE1 at “L”, the select
bitline BLi becomes floating (12 to t3). With the voltage
VBL2 at VCC, the selected bitline BLi+1 1s charged to VCC
via the n-channel MOS transistor Qn22 (12 to t3). Further,
the select gate SG1 and the word lines WL1 to WL4 become
VCC (12 to t3).

When the signals PRO1 and PRO2 are “H” and either one
of the first and second sub-data 1s “1”, the select bitline BL1
1s set at O V by the n-channel MOS transistor Qn9 or Qn20
(t3). As a result, the bitline BLi becomes VCC when the
control data are “0”, and becomes 0 V when the control data
are “17, “27, or “3”. With the selected word line WL2 at 20
V, the non-selected word line at 10 V, electron injection from
the memory cell to the floating gate 1s started according to
the control data (t3). When the bitline BL is at VCC, since
the potential difference between the channel of the memory
cell and the word line 1s small, electron 1njection does not
occur substantially.

While the selected word line WL2 is set at 20 V (13 to t7),
the control data stored 1n the data memory circuit 10 are
detected. From CSL0 and CSL1 to CSL.4222 and CS1.4223
are selected successively by the column decoder. The control
data are transferred to the data detection circuit 9 via the
input/output lines IOL and IOU. An example of the case
where CSLi1 and CSLi1+1 are selected 1s shown 1n FIG. 8.
With CSLi and CSLi+1 at “H” (14 to tS), the control data
outputted to the data input/output lines IOL and IOU, and the
signal DT at “H”, the control data are detected by the data
detection circuit 9 (15 to t6). If even one of the data memory
circuits 10 stores the data “1”, the signal FR1 becomes “H”.
If even one of the data memory circuits 10 stores the data
“2”, the signal FR2 becomes “H”. If even one of the data
memory circuits 10 stores the data “3”, the signal FR3
becomes “H”.

After the word lines WL1 to WL4 are dropped to VCC (17
to 18), the voltage VBL2 becomes 0 V, and the signal PRE1
becomes “H” so that the bitlines BL1, BLi1+1 are reset at O
V (18 to t19). The voltage VBLI1 is O V. The word lines WL1
to WL4 are also reset at 0 V (18 to t9).

FIG. 9 shows the programming verification operation for
detecting the programming state of the memory cell after the
programming operation 1s done in the time t1 to t9 shown in
FIG. 8. Here, an example where bitlines BL0O, BL2, .. ., BL4,
..., BL4222 are selected (BL1 is shown as the representative
thereof), and the word line WL2 is selected is shown. The
voltages VBL1 and VBL2 are 0 V. If the memory level 1s
defined to be three levels, three-level memory can be real-
1zed readily.

The signal PRE1 becomes “L” so that the bitline BL1 and
the voltage VBLI1 are disconnected, and the bitline BL11s 1n
the floating state of 0 V (tl1). At the same time, the signal
BLC1 becomes “H” so that the bitline BLi is selected (t1).

With the voltage VRP at the power supply voltage VCC
(t2), and the signal PRO2 at “H” (t3), the bitline BLi
corresponding to the data memory circuit 10 storing the
control data of “3” and “2” 1s charged to the “H” level by the
n-channel MOS transistor Qn20 (t3 to t4). The bitline BLi
corresponding to the data memory circuit 10 storing the
control data of “1” and “0” remains at the “L” level. The
select gates SG1 and SG2 of the selected block and the
non-selected word lines WL1, WL2, WL4 are set at the
power supply voltage VCC and the selected word line W12

is set at 2.0 V (14). With the selected word line WL.2 at 2.0
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V, 1f the memory cell corresponding to the data memory
circuit 10 storing the control data of “3” reaches the state of
storing the “3” data, the bitline BLi remains at “H” (FIG.
9(1)). With the selected word line WL2 at 2.0 V, if the
memory cell corresponding to the data memory circuit 10
storing the control data of “3” does not reach the state of
storing the “3” data, the bitline BLi1 becomes “L” (FIG.
9(2)). Since the memory cell corresponding to the data
memory circuit 10 storing the control data of “2” does not
reach the state of storing the “3” data, the bitline BLi
becomes “L” (FIG. 9(3)). Then with the signals SEN1 and
SEN2 at “H”, the voltage of the modulated bitline BL1 1s
sensed and read out (t5 to t6). Only when the memory cell
corresponding to the data memory circuit 10 storing the “3”
control data reaches the state of storing the “3” data, the first
and second sub-data of the first and second sub-data circuits
20 and 21 become “0” to change the control data to “0”. In
other cases, the first and second sub-data are retained. Time
from t2 to t6 1s the verity read of the data “3”.

With the signals PRO1 and RD1 at “H” (t7), the bitline
BL1 corresponding to the data memory circuit 10 storing the
control data of “2” and “0” 1s charged to the “H” level by the
first sub-data circuit 20 (t7 to t8). The bitline BLi corre-
sponding to the data memory circuit 10 storing the control
data of “3” and “1” 1s set at the “L” level by the first sub-data
circuit 20 (t7 to t8).

Then the select gates SG1 and SG2 of the selected block,
and the non-selected word lines WL1, WL3, WL4 are sct at
the power supply voltage VCC, and the selected word line
WL2 is set at 1.2 V (18). With the selected word line WL2
at 1.2 V, if the memory cell corresponding to the data
memory circuit 10 storing the “2” data reaches the state of
storing the “2” data, the bitline BLi remains at “H” (FIG.
9(4)). If the memory cell corresponding to the data memory
circuit 10 storing the control data of “2” does not reach the
state of storing the “2” data, the bitline BL1 becomes “L”
(FIG. 9(5)). If the memory cell corresponding to the data
memory circuit 10 storing the “0” data does not reach the
state of storing the “2” or “3” data, the bitline BL1 remains
at “H” (FIG. 9(4)). If the memory cell corresponding to the
data memory circuit 10 storing the control data of “0” does
not reach the state of storing the “2” data, the bitline BLi
becomes “L” (FIG. 9(§)). The memory cell corresponding to
the data memory circuit 10 storing the control data of “3”

and “1” remains at “L” (FIG. 9(6)).

With the signal SEN2 at “H”, the voltage of the modulated
bitline BL1 is sensed and read out (19 to t10). Only when the
memory cell corresponding to the data memory circuit 10
storing the control data of “2” reaches the state of storing the
“2” data, the second sub-data of the second sub-data circuit
21 becomes “0” so that the control data are changed to “0”.
In the other cases, the second sub-data are retained. Time
from t7 to t10 1s the verity read of the data “27.

With the signals PR0O2 and RD2 at “H” (t11), the bitline
BL1 corresponding to the data memory circuit 10 storing the
control data of “1” and “0” 1s charged to the “H” level by the
second sub-data circuit 21 (t11 to t12). The bitline BLi
corresponding to the data memory circuit 10 storing the
control data of “3” and “2” are set at the “L” level by the
second sub-data circuit 21 (t11 to t12).

The select gates SG1 and SG2 of the selected block and
the non-selected word lines WL1, WL3, WL4 are set at the
power supply voltage VCC, and the selected word line W12
is set at 0.4 V (112). With the selected word line WL2 at 0.4
V, it the memory cell corresponding to the data memory
circuit 10 storing the control data of “1” reaches the state of
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storing the “1” data, the bitline BLi1 remains at “H” (FIG.
9(7)). If the memory cell corresponding to the data memory
circuit 10 storing the control data of “1” does not reach the
state of storing the “1” data, the bitline BL1 1s set at “L”
(FIG. 9(8)). If the memory cell corresponding to the data
memory circuit 10 storing the control data of “0” reaches the
state of storing the “1”, or “2” or “3” data, the bitline BL1i
remains at “H” (FIG. 9(7)). If the memory cell correspond-
ing to the data memory circuit 10 storing the control data of
“0” does not reach the state of storing the “1” data, the
bitline BLi is set at “L” (FIG. 9(8)). The bitline BLi
corresponding to the data memory circuit 10 storing the

control data of “3” and “2” remains at “L” (FIG. 9(9)).

Then with the signal SEN1 at “H”, the voltage of the
modulated bitline BLi is sensed and read out (t13 to t14).
Only when the memory cell corresponding to the data
memory circuit 10 storing the control data of “1” reaches the
state of storing the “1” data, the first sub-data of the first
sub-data circuit 20 becomes “0” so that the control data are

changed to “0”. In the other cases, the first sub-data are
retained. Time from t11 to t14 1s verify read of the data “1”.

By setting the signal PRE1 at “H” and BCL1 at “L” at
fime t15, programming verification 1s completed. By the

programming verification operation, the control data stored
in the data memory circuit 10 are changed according to the
programming state of the memory cell as shown 1n Table 4.

TABLE 4

Control data Control data

Memory cell before after
programming programming programming
state verification verification
0,1,2o0r3 0 0
not reached 1 1 1
1 1 0
not reached 2 2 2
2 2 0
not reached 3 3 3
3 3 0

Accordingly, by repeating the programming operation
shown 1n t1 to t9 of FIG. 8 and the programming verification
operation shown 1n FIG. 9 until all the control data become
“07”, the data programming (program) to the memory cell M
can be executed. However, 1n reality, the verity read of the
data “3”, the verily read of the data “2”, and the verity read
of the data “1” are executed selectively as mentioned below.

(1) In order to execute all of the verify read of the data
“3”, the verify read of the data “2”, and the verify read of the
data “1”, the programming verification operation 1s executed
as shown 1n FIG. 9.

(2) In order to execute only the verify read of the data “3”
and the verify read of the data “2”, time t11 to t14 1s omitted
from the timing chart shown 1 FIG. 9.

(3) In order to execute only the verify read of the data “3”
and the verily read of the data “1”, time t7 to t10 1s omitted
from the timing chart shown 1 FIG. 9.

(4) In order to execute only the verify read of the data “3”,
time t7 to t14 1s omitted from the timing chart shown 1n FIG.

9

(5) In order to execute only the verify read of the data “2”
and the verily read of the data “17, time t2 to t6 1s omitted
from the timing chart shown 1 FIG. 9.

(6) In order to execute only the verify read of the data “2”,
time t2 to t6 and time t11 to t14 are omitted from the timing
chart shown 1n FIG. 9.
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(7) In order to execute only the verify read of the data “17,
time t2 to t10 1s omitted from the timing chart shown in FIG.

9

FIG. 10 shows the detailed flow of the program with
respect to the multi-level memory 1 the first embodiment of
the present invention. This program flow 1s controlled by the

control signal and the control voltage generating circuit 7
shown 1 FIG. 1.

By the command of the program start inputted to the
control signal mput terminal 8, the program 1s started. The
counter circuit for counting the variable IWT provided in the

control signal and control voltage generating circuit 7 1s
reset to have IWT at 0 (S1). The 1nitial control data for 4224

bits inputted to the data input/output terminal 5 are loaded to
the data memory circuit (S2).

After loading the data, the programming operation 1s
executed with the variable IWT being increased by 1 (S3).
Whether or not the output FR3 of the data detection circuit
9 is “H” is checked (S4). If the output FR3 of the data
detection circuit 9 1s “H” and the data “3” remain in the data
memory circuit 10, whether or not the variable IWT 1s not
less than the predetermined W3 can be checked (S§). If the
variable IWT is not less than W3, the verily read of the data
“3” 1s executed (S6). If the FR3 1s at “L” or the variable IW'T

1s less than W3, the verify read of the data “3” 1s omitted.

Whether or not the output FR2 of the data detection circuit
9 is “H” is checked (S7). If the output FR2 of the data
detection circuit 9 1s “H” and the data “2” remain 1n the data
memory circuit 10, whether or not the variable IWT 1s not
less than the predetermined W2 can be checked (S8). If the
variable IWT is not less than W2, the verily read of the data
“2” 1s executed (S9). If the FR2 1s at “L” or the variable IWT
1s less than W2, the verify read of the data “2” 1s omitted.

Whether or not the output FR1 of the data detection circuit
9 1s “H” 1s checked (S10). If the output FR1 of the data
detection circuit 9 1s “H” and the data “1” remain 1n the data
memory circuit 10, whether or not the variable IWT 1is not
less than the predetermined W1 can be checked (S11). If the
variable IWT is not less than W1, the verily read of the data
“1” 1s executed (S12). If the FR1 is at “L” or the variable
IWT 1s less than W1, the verily read of the data “1” 1is

omitted

If all the outputs FR3, FR2, FR1 of the data detection
circuit 9 are “L”, the program 1s completed (S13, S14, S15).
If even one of the outputs FR3, FR2, FR1 1s “H”, the
programming operation 1s executed again (83). Each time
the variable IWT increases by 1, the voltage applied to the
selected word line at the time of programming (the voltage
of the selected word line 1n the time t3 to t7 shown in FIG.
8) 1s increased by 0.4 V, and the threshold voltage of the
memory cell M for the “17, “27, “3” programming 1s raised
by 0.4 V. The predetermined W1, W2, W3 are determined as

mentioned below.

FIG. 11 shows an example of the programming charac-
teristic of the memory cell M. The horizontal axis represents
the programming operation number IWT. The vertical axis
represents the threshold voltages of the easiest memory cell
to be programmed (white dot) and the hardest memory cell
to be programmed (black dot) after the programming opera-
tion number IWT. The threshold voltage of the ecasiest
programmed memory cell reaches at 0.1 V after the first
programming operation. At the time, the threshold voltage of
the hardest programmed memory cell 1s —1.5 V. Since each
time the programming operation number increases by 1, the
voltage of the selected word line at the time of programming
1s 1ncreased by 0.4 V, the threshold voltage of the memory
cell 1s raised substantially by 0.4 V accordingly.
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Since neither of the threshold voltages of the memory
cells reaches 0.4 V after the first programming operation, all
the verity read for the data “3”, the data “2”, and the data “1”
1s not required. From the second time and later, since the
threshold voltage of the easiest programmed memory cell
exceeds 0.4 V, the verily read of the data “1” 1s necessary.
Therefore, the W1 can be preliminarily determined as 2.
From the fourth time and later, since the threshold voltage of
the easiest programmed memory cell exceeds 1.2 V, the
verily read of the data “2” 1s necessary. Therefore, the W2
can be preliminarily determined as 4. From the sixth time
and later, since the threshold voltage of the easiest pro-
crammed memory cell exceeds 2.0 V, the verily read of the
data “3” 1s necessary. Therefore, the W3 can be preliminarily
determined as 6.

After the sixth time programming operation, even the
threshold voltage of the hardest programmed memory cell
exceeds 0.4 V. Therefore, the output FR1 of the data
detection circuit becomes “L” at least from IWT=7 or later,
and thus the verity read of the data “1” 1s unnecessary. After
the eighth time programming operation, even the threshold
voltage of the hardest programmed memory cell exceeds 1.2
V. Therefore, the output FR2 of the data detection circuit
becomes “L” at least from IWT=9 or later, and thus the
verily read of the data “2” 1s unnecessary. After the tenth
fime programming operation, even the threshold voltage of
the hardest programmed memory cell exceeds 2.0 V.
Therefore, the output FR3 of the data detection circuit
becomes “L” at least from IWT=11 or later. Thus if all of
FR1, FR2, FR3 become “L”, the program i1s completed as
shown 1n FIG. 10.

FIG. 12 shows a modification of the data detection circuit
9 shown 1n FIG. 1. Adjacent to each of the data memory
circuits 10 shown 1n FIG. 2, n-channel MOS transistors
On23, OQn24, OQn25, Qn26, Qn27, Qn28, Qn29, Qn30 are
provided. To the gate electrode of Qn23, the node Nai+1 of
the second sub-data circuit 21 shown 1n FIG. 5 1s connected.
To the gate electrode of Qn24, the node Nai1 of the first
sub-data circuit 20 shown 1n FIG. 5 1s connected. To the gate
electrode of Qn25, the node Nbi+1 of the second sub-data
circuit 21 shown 1n FIG. § 1s connected. To the gate
electrode of Qn26, the node Nai1 of the first sub-data circuait
20 shown 1 FIG. § 1s connected. To the gate electrode of
Qn27, the node Nai+1 of the second sub-data circuit 21
shown 1n FIG. § 1s connected. To the gate electrode of Qn28,
the node Nbi of the second sub-data circuit 21 shown 1n FIG.
5 1s connected. To the gate electrode of Qn29, the node
Nai+1 of the second sub-data circuit 21 shown 1n FIG. 5 1s
connected. To the gate electrode of Qn30, the node Nai1 of
the first sub-data circuit 20 shown 1n FIG. 5 1s connected.

If DECB 1nputted to the inverter I3 becomes “L”, and the
output PT of the inverters 14, 15 1s “H”, the control data of
all the data memory circuits 10 are “0”. If DEC1B inputted
to the mverter 16 becomes “L”, and the output FR1 of the
mverter I7 1s “H”, the control data of at least one of the data
memory circuits 10 are “1”. If DEC2B 1nputted to the
inverter I8 becomes “L”, and the output FR2 of the mnverter
19 1s “H”, the control data of at least one of the data memory
circuits 10 are “2”. If DEC3B mputted to the inverter 110
becomes “L”, and the output FR3 of the mverter 111 1s “H”,
the control data of at least one of the data memory circuits
10 are “3”. The signals DECB, DEC1B, DEC2B, DEC3EB
are signals from the control signal and control voltage
generating circuit 7. The signals PT, FR1, FR2, FR3 are fed
back to the control signal and control voltage generating,
circuit 7. By the data detection circuit 9 shown in FIG. 12,
data detection can be executed simultancously at a high
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speed. Therefore, as shown 1n FIG. 8, not at the time of the
programming operation, but immediately before the verily
read of the data “3” (time tl to t2 shown in FIG. 9), the
signal FR3 can be checked with the signal DEC3B set at
“L”. Similarly, immediately before the verily read of the
data “2” (time t6 to t7 shown in FIG. 9), the signal FR2 can
be checked with the signal DEC2B set at “L”. Immediately
before the verify read of the data “1” (time t10 to t11 shown
in FIG. 9), the signal FR1 can be checked with the signal
DECIB set at “L”. After the programming veriication
operation shown 1n FIG. 9, by checking the signal PT with
the signal DECB set at “L”, the steps S13, S14, S15 of FIG.
10 can be executed 1n one step. Therefore, the unnecessary
programming operation for one time can be omitted so that
programming can be executed at a higher speed.

FIG. 13 shows the program flow of the case the data
detection circuit 9 shown 1n FIG. 12 1s used. The steps S4,
S7, S10 can be executed by checking the signals FR3, FR2,
FR1 with the signals DEC3B, DEC2B, DECIB at “L”. The
step S13 can be executed by checking the signal PT with the
signal DECB at “L”. Since the other cases are the same as
the flow shown 1n FIG. 10, explanation 1s not provided here.

FIG. 14 1s a circuit diagram for explaining the concrete
configuration of the memory cell array 1 and the bitline
control circuit 2 shown 1n FIG. 1. An example of four-level
memory EEPROM 1s shown as a multi-level memory.

In the multi-level memory according to the second
embodiment of the present invention, the first sub-data
circuit 20 1n the data memory circuit 10 comprises the clock
synchronous 1nverters CI1 and CI2, and the n-channel MOS
transistors Qn3d3, Qn34, Qn35. The second sub-data circuit
21 comprises the clock synchronous inverters CI3 and CI4,
and the n-channel MOS transistors Qn40, Qnd1, Qnd2. The
first and second sub-data circuits 20 and 21 store the first and
second sub-data respectively at the time of programming,
and store the first and second reading sub-data respectively
at the time of reading. The state where the node Nai1 in the
first sub-data circuit 20 1s at the “H” level 1s the state where
the first sub-data circuit 20 stores the first reading sub-data
of “1” or the first sub-data of “1”. The state where the node
Nai+1 1n the second sub-data circuit 21 1s at the “H” level
1s the state where the second sub-data circuit 21 stores the
second reading sub-data of “1” or the second sub-data of
“1”. The state where the node Nai 1n the first sub-data circuit
20 1s at the “L” level 1s the state where the first sub-data
circuit 20 stores the first reading sub-data of “0” or the first
sub-data of “0”. The state where the node Nai+1 in the
second sub-data circuit 21 1s at the “L” level 1s the state
where the second sub-data circuit 21 stores the second
reading sub-data of “0” or the second sub-data of “0”.

The n-channel MOS transistors Qn32 and Qnd9 are for
clectrically connecting the first and second sub-data circuits
20 and 21, and the data mnput/output lines IOL and 10U. To
the respective gate electrode, the outputs CSL1 and CSLi+1
from the column decoder 3 are provided. For example, when
CSLi reaches “H”, the first sub-data circuit 20 of the data
memory circuit 10 provided to the bitlines BLL1 and BLi+1
and the data input/output line IOL are electrically connected.
The data imnput/output lines IOL and IOU are connected to
the data input/output buffer 4 so that sub-data can be set in
the first sub-data circuit 20. Or the reading sub-data of the
first sub-data circuit can be outputted to the data input/output

buffer 4.

The n-channel MOS transistors Qn36 and Qnd3 control
the electric connection between the first and second sub-data
circuits 20 and 21, and the bitline BL1 or BLi+1. If the signal
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BCL1 1s “H” and BLLC2 1s “L”, the first and second sub-data
circuits 20 and 21, and the bitline BLi are electrically
connected. If the signal BLC1 1s “L” and BLC2 1s “H”, the
first and second sub-data circuits 20 and 21, and the bitline
BLi+1 are electrically connected.

The n-channel MOS transistors Qn37 and Qn44 control
the electric connection between the bitline BL1 and the

voltage VBL1, and the electric connection between the
bitline BLi1+1 and the voltage VBL2. If the signal PRE1 1s
“H”, the bitline BL1 and the voltage VBL1 are electrically

connected. If the signal PRE2 1s “H”, the bitline BLi+1 and
the voltage VBL2 are electrically connected.

The n-channel MOS transistors Qn31 and Qn38 are for
setting the signal PRST at “H” and setting the sub-data of
“0” 1n the first and second sub-data circuits 20 and 21.

The signal for indicating the data or the programming
state of the memory cell 1s transferred via the bitline BL1 or
BLi+1. The clock synchronous inverter CI1 in the first
sub-data circuit 20 and the clock synchronous iverter CI3
in the second sub-data circuit 21 function also as the sense
amplifier for sensing the logic level of the signal of the
bitline BL. Although the clock synchronous inverter senses
the absolute value of the voltage of the bitline BL as the
logic level 1n this example, a differential sense amplifier can
also be used. In that case, the difference with respect to the
reference voltage 1s detected as the logic level.

The concrete configuration of the clock synchronous
inverter CI shown 1n FIG. 14 1s shown 1 FIGS. 15A and

15B. FIG. 15A 1s a symbol diagram, and FIG. 15B 1s a
detailed circuit diagram thereof. The mput terminal of the
inverter circuit comprising the n-channel MOS transistor
Qn45 and the p-channel MOS ftransistor Qp8 1s IN and the
output terminal 1s OUT. In order to activate or deactivate the
inverter circuit by the signal CLOCK and the mverse signal
CLOCK thereof, the n-channel MOS transistor Qn46 and
the p-channel MOS transistor Qp7 are provided. The signal
CLOCK 1s activated at “H”, the signal CLOCKB 1s activated
at “L”, the signal CLOCK 1s deactivated at “L”, and the
signal CLOCKB 1s deactivated at “H”.

The signals SEN1, LAT1, SEN2, LAT2, PRO1, PRO2,
BLC1, BLC2, PRE1, PRE2, VRFY1, VRFY2, PRST, the
voltages VBL1, VBL2, VREG, VFF are output signals from
the control signal and control voltage generating circuit 7,
which are common to all of the data memory circuits 10
shown 1n FIG. 2. The voltage VCC 1s the power supply
voltage, for example, 3.3 V.

The first and second sub-data circuits 20 and 21 store the
sub-data of “0” or “1”, change the stored sub-data of “1”
responding to the “H” level of the bitline signal to the
sub-data of “0”, and retain the sub-data of “0”. That 1s,
before the signal PRO1 or PRO2 becomes “H” so that the
voltage level of the bitline BL 1s sensed by the clock
synchronous inverter CI1 or CI3, the voltage level of the
bitline BL 1s adjusted by the n-channel MOS transistors
Qn34, Qn35 or Qn4l, Qn42 according to the first or second
sub-data. Only when the first or second sub-data are “07, the
voltage level of the bitline BL 1s set to be “H”. With the
signal PRO1 or PRO2 at “H”, and the “H” level of the bitline
transferred to the input terminal of the clock synchronous
mverter CI1 or CI3, the node Na1 or Nai+1 1s set at the “L”
level. Further, by the clock synchronous inverter CI2 or CI4,
the sub-data of “0” are stored.

Therefore, the originally stored sub-data of “0” are not

changed. On the other hand, with the originally stored
sub-data of “17, 1f the level of the bitline BL 1s “H”, 1t 1s

changed to the sub-data of “0” and stored. If the level of the
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bitline BL 1s “L.”, the sub-data of “1” are stored. The first and
second sub-data circuits 20 and 21 are not limited to the
configuration shown in FIG. 14, but can be realized in
various circuits having the above-mentioned functions.

FIGS. 16A and 16B show the reading operation of four-
level data stored in the memory cell. Here, an example
where bitlines BLLO, BL2, ..., BL1, ..., BL4222 are selected
(BL1i 1s shown as the representative thereof), and the word
line WL2 1s selected 1s shown. If the memory level 1s defined
to be three levels, three-level memory can be realized

readily. Since the voltage VBL2 1s 0 V, BLC2 1s “L”, PRE2
1s “H”, PRST 1s “L”, and the bitline BL1+1 remains at 0 V,

they are not shown 1n FIGS. 16A and 16B.

With the voltage VBL1 at 1.3 V, the bitline BL1 1s charged
to “H” (t1). With the signal BCL1 at “H”, the bitline BLI is
selected (t1). The voltage VFF is fixed at 2 V for stabilizing
the sense sensitivity of the clock synchronous nverters CI1
and CI3 to serve as the sense amplifiers. With the signal
PRE1 at “L”, the bitline BL1 and the voltage VBLI1 are
disconnected. Then the select gates SG1 and SG2 of the
selected block and the non-selected word line WL1, WL3,

WL4 are set at the power supply voltage VCC, and the
selected word line WL2 is set at 1.8 V (12).

Here the relationship between the data and the threshold
voltage stored 1n the memory cell 1s shown 1n Table 5.

TABLE 5

Memory cell Memory cell

data threshold voltage
0 0 V or less
1 0.4 VO8YV
2 1.2 V1.6V
3 20V-24YV

With the selected word line WL2 at 1.8 V, only when the
memory cell stores the “3” date, the bitline BL1 remains at
“H”. In the other cases, the bitline BL1 becomes “L”. After
the select gates SG1 and SG2, the word lines WL1 to WL4
are reset at 0 V (13), the signals SEN2 and LAT2 become “L”
so that the clock synchronous inverters CI3 and CI4 are
deactivated (t4). With the signal PRO2 at “H” (t5) and the
signal SEN2 at “H” (16), the clock synchronous inverter CI3
1s activated and the voltage of the bitline BL1 1s sensed. With
the signal LAT1 at “H” (t7), the clock synchronous inverter
CI4 1s activated and the sensed logic level of the signal of the
bitline BLi 1s latched. With the signal PRO1 at “L” (t8), the
operation for detecting whether or not the threshold voltage
of the memory cell M 1s not less than 1.8 V 1s completed.
Only when the memory cell stores the “3” data, the first
reading sub-data of the second sub-data circuit 21 becomes
“0”. In the other cases, the second reading sub-data are “17.

Then the operation for detecting whether or not the

threshold voltage of the memory cell M 1s not less than 0.0
V is executed. With the voltage VBL1 at 1.2 V (t8), and the

signal PRE1 at “H”, the bitline BLi 1s charged to “H” (t9).
With the signal PRE1 at “L”, the bitline BL1 and the voltage
VBL1 are disconnected. The select gates SG1 and SG2 of
the selected block and the non-selected word lines WL1,
WL3, WL4 are set at the power supply voltage VCC, and the
selected word line WL2 remains at 0.0 V (110). At the same
time, the signal VRFY2 1s set at 1.3 V, and the n-channel
MOS transistor Qn41 1s executed. Accordingly, only when
the second reading sub-data 1s “0”, the potential of the

bitline BLi 1s changed to “L” by the n-channel MOS
transistors Qn41, Qn42 (t10 to t11).

With the selected word line WL2 at 0.0 V, only when the
memory cell stores the data of “1” or “2”, the bitline BLi
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remains at “H”. In the other cases, the bitline BL1 becomes
“L”. After the select gates SG1 and SG2, and the word lines

WL1 to WL4 are reset at 0 V (t11), the signals SEN1 and
LLAT1 becomes “L” that the clock synchronous inverters CI1
and CI2 are deactivated (t12). With the signal PRO1 at “H”
(t13) and the signal SEN1 at “H” (t14), the clock synchro-
nous 1nverter CI1 1s activated so that the voltage of the
bitline BLi is sensed. With the signal LAT1 at “H” (t15), the
clock synchronous inverter CI2 1s activated so that the logic
level of the sensed signal of the bitline BL1 1s latched. With
the signal PRO1 at “L” (t16), the operation for detecting
whether or not the threshold voltage of the memory cell M
1s not less than 0.0 V 1s completed. Only when the memory
cell stores the data of “1” or “2”, the first reading sub-data
of the first sub-data circuit 20 become “0”. In the other cases,
the first reading sub-data are “1”.

Then the operation for detecting whether or not the

threshold voltage of the memory cell M 1s not less than 1.0
V is executed. With the voltage VBL1 at 1.2 V (116) and the

signal PRE1 at “H”, the bitline BLi is charged to “H” (t17).
Then the signal PRE1 becomes “L” so that the bitline BLi
and the voltage VBL1 are disconnected. The select gates
SG1 and SG2 of the selected block and the non-selected
word lines WL1, WL3, WL4 are set at the power supply
voltage VCC, and the selected word line WL2 1s set at 1.0
V (118).

With the selected word line WL2 at 1.0 V, only when the

memory cell stores the data of “3” or “2”, the bitline BLi

remains “H”. In the other cases, the bitline BL1 becomes
“L”. After the select gates SG1 and SG2, and the word lines

WLI1 to WL4 are reset at 0 V (t19), the signals SEN2 and
LLAT2 become “L” so that the clock synchronous inverters
CI3 and CI4 are deactivated (120). With the signal PRO2 at
“H” (t21), and the signal SEN2 at “H” (t22), the clock
synchronous 1nverter CI3 1s activated and the voltage of the
bitline BLi is sensed. With the signal LAT2 at “H” (123), the
clock synchronous inverter CI4 1s activated, and the logic
level of the sensed signal of the bitline BL1 1s latched. With
the signal PRO2 at “L” (124), the operation for detecting
whether or not the threshold voltage of the memory cell M
1s not less than 1.0 V 1s completed. Only when the memory
cell stores the “3” or “2” data, the second reading sub-data
of the second sub-data circuit 21 become “0”. In the other
cases, the second reading sub-data are “1”.

With the signal BCL1 at “L”, the signal PRE1 at “H”, and
the voltage VFF at VCC, the operation for storing the data
of the memory cell M 1n the data memory circuit 10 as the
reading data 1s completed.

With the signals CSLi, CSLi+1 at “H” (126), the first
reading sub-data are outputted to the data input/output line
IOL, and the second reading sub-data are outputted to the
data mput/output line IOU. Then they are outputted to the
outside from the data input/output terminal 5 via the data
input buffer 4. The relationship between the four-level data
of the memory cell and the first and second reading sub-data
1s shown 1n Table 6.

TABLE ©
Memory First reading Second reading
cell data sub-data sub-data
0 1 1
1 0 1
2 0 0
3 1 0
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FIG. 17 shows the 1nitial setting of the control data in the
data memory circuit 10 and the programming operation.
Here, an example where bitlines BLO, BL2, . . ., BLi, . . .
, BL4222 are selected (BLi 1s shown as the representative
thereof), and the word line WL.2 is selected 1s shown. If the
memory level 1s defined to be three levels, three-level
memory can be realized readily.

The 1nmitial setting of the control data to the data memory
circuit 10 provided for the bitline BLi 1s executed as
mentioned below. With the initial sub-data of the first
sub-data circuit 20 transferred to the data mput/output line
IOL, the 1nitial sub-data of the second sub-data circuit 21
transferred to the data input/output line IOU, and the signal
CSLi1+1 at “H”, the 1naitial sub-data are stored 1n the first and
second sub-data circuits 20 and 21. By changing the selec-
tion of the signal CSL, the 1nitial control data can be set in
an optional number of the data memory circuits 10. In this
case, the relationship between the 1nitial control data and the
initial sub-data 1s shown 1n Table 7 as mentioned below.

TABLE 7

Initial Initial sub-data Initial sub-data

control of the first of the second
data sub-data circuit sub-data circuit
0 0 0
1 1 0
2 1 1
3 0 1

Herein it 1s preferable to reset the control data of all the
data memory circuits 10 at “0” by setting the signal PRST
at “H” before setting the initial control data. As later
explained specifically, since the state of the memory cell
cannot be changed by the control data “0”, among 2112
pieces of the data memory circuits 10, the 1nitial control data
can be set from the outside only to desired data memory
circuits 10. Of course the 1nitial control data can be set from

the outside to all the 2112 pieces of the data memory circuits
10. Since the signal SEN1 remains at “H”, LAT1 at “H”,

VRFY1 at “L”, SEN2 at “H”, LAT2 at “H”, VRFY2 at “L”,
the voltage VREG at 0 V, and VFF AT VCC, they are not
shown 1 FIG. 17.

In the programming operation, with the signal PRE1 at
“L”, the bitline BL1 and the voltage VBL1 are disconnected
(t1). At the same time, with the signal BLC1 at “H”, the
bitline BL1 1s selected (t1). With the signal DRSTB at “L”,
the data detection circuit 9 is reset (t1 to t2). With the voltage
VBL2 at VCC, then selected bitline BLi+1 1s charged to
VCC via the n-channel MOS transistor Qn44 (12 to t3). With
the signal PRO1 at “H”, the select bit line BL1 1s charged
according to the first sub-data (12 to t3). At the time, the
bitline BL1 1s charged to VCC when the control data are “0”
or “3”, and 1s set at 0 V when the control data are “1” or “2”.
The select gate SG1 and the word lines WL1 to WL4 are set
at VCC (12 to t3). The select gate SG2 remains at 0 V. Then
with the signal PRO2 at 1.8 V, the voltage of the select bit
line BL1 is changed according to the second sub-data (t3). If
the second sub-data are “0”, the bitline BL1 preliminarily set
at 0 V 1s charged to 0.8 V, which 1s lower than 1.8 V by the
threshold voltage (for example, 1 V) of the n-channel MOS
transistor Qn4. If the second sub-data are “07, the bitline BL1
preliminarily set at VCC remains at VCC since the
n-channel MOS transistor Qn40 1s not executed. If the

second sub-data are “1”, since the n-channel MOS transistor
Qn40 1s conducted, the bitline BL11s 0 V.

As a consequence, the bitline BL1 becomes VCC when the
control data are “0”, 0.8 V when the control data are “17, 0
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V when the control data are “2”, and 0 V when the control
data are “3”. With the selected word line WL2 at 20 V, and
the non-selected word line at 10 V, electron 1njection from
the memory cell to the floating gate 1s started according to
the control data (3 to t7). If the bitline BLis 0V, the electron
injection 1s carried out with the potential difference between
the channel of the memory cell and the word line at 20 V. It
the bitline BL 1s 0.8 V, the electron 1njection 1s carried out
with the potential difference between the channel of the
memory cell and the word line at 19.2 V, but the potential
difference between the channel of the memory cell and the
word line 1s smaller than the case of the potential difference
of 20 V. In the case the bitline BL 1s VCC, since the potential
difference between the channel of the memory cell and the
word line 1s small, the electron injection does not occur
substantially.

While the selected word line WL2 set at 20 V (13 to t7),
the control data stored in the data memory circuit 10 are
detected. By the column decoder, from CSLO and CSL1 to
(CSL4222 and CS1.4223 are selected successively so that the
control data are transferred to the data detection circuit 9 via
the data mput/output lines IOL and IOU. An example where
CSL1 and CSLi+1 are selected 1s shown 1n FIG. 17. With
CSLi and CSLi+1 at “H” (14), data outputted to the data
input/output lines IOL and IOU, and the signal DT at “H”,
the control data are detected by the data detection circuit 9
(t5 to t6). If even one of the data memory circuits 10 stores
the data “17, the signal FR1 becomes “H”. If even one of the
data memory circuits 10 stores the data “2”, the signal FR2

becomes “H”. If even one of the data memory circuits 10
stores the data “3”, the signal FR3 becomes “H”.

After the word lines WL1 to WL4 dropped to VCC (t7 to
t8), with the voltage VBL2 at 0 V, and the signal PRE1 at
“H”, the bitlines BLi and BLi+1 are reset at 0 V (18 to t9).
The voltage VBL1 1s 0 V. The word lines WL1 to WL4 are
reset at 0 V (18 to t9).

FIGS. 18A to 18C show the programming verification
operation for detecting the programming state of the
memory cell after the programming operation 1n time tl to
t9 shown 1 FIG. 17. Here, an example where bitlines BLO,
BL2,...,BLi, ..., BL4222 are sclected (BLi is shown as
the representative thereof), and the word line WL2 is
selected 1s shown. If the memory level 1s defined to be three
levels, three-level memory can be realized readily. Since the

voltage VBL2 remains at 0 V, BLC2 at “LL”, PRE2 at “H”,
PRST at “L”, CSL1 at “L”, CSL1+1 at “L”, and the bitline
BLi+1 at 0 V, they are not shown 1n FIGS. 18A to 18C.

With the voltage VBLI1 at 1.3 V, the bitline BL11s charged
to “H” (t1). The voltage VFF is fixed at 2.0 V. With the signal
PRE1 at “L”, the bitline BL1 and the voltage VBLI1 are
disconnected. The select gates SG1 and SG2 of the selected
block and the non-selected word lines WL1, WL3, WL 4 are
set at the power supply voltage VCC, and the selected word

line WL2 is set at 2.0 V (12).

With the selected word line WL2 at 2.0 V, if the memory

cell corresponding to the data memory circuit 10 storing the
control data of “3” reaches the state of storing the “3” data,
the bitline BL1 remains at “H”. If the memory cell corre-
sponding to the data memory circuit 10 storing the control
data of “3” does not reach the state of storing the “3” data,
the bitline BL1 becomes “L”. Since the memory cell corre-
sponding to the data memory circuit 10 storing the control
data of “2” or “1” does not reach the state of storing the “3”
data, the bitline BLL1 becomes “L”. After the select gates SG1
and SG2, and the word lines WL1 to WL4 are reset at 0 V
(t3), only when the signal VRFY2 becomes “H” and the
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second sub-data are “07, the bitline BL1 is set at “H” (t4).
Here the voltage VREG 1s VCC. With the signals SEN2 and
LAT2 at “L”, the clock synchronous inverters CI3 and CI4
are deactivated (t6). With the signal PRO2 at “H” (t7), and
the signal SEN2 at “H” (t8), the clock synchronous inverter
CI3 1s activated and the voltage of the bitline BL1 1s sensed.

With the signal LAT2 at “H” (19), the clock synchronous
inverter CI4 1s activated and the logic level of the sensed
signal of the bitline BL1 1s latched. With the signal PRO2 at
“L” (t10), the detection on whether or not the memory cell
corresponding to the data memory circuit 10 storing the
control data “3” has reached the state of storing the “3” data
(verify read of the data “3”) is completed. At the time, only
when the memory cell corresponding to the data memory
circuit 10 storing the “3” control data i1s detected to have
reached the state of storing the “3” data, the control data of
the data memory circuit 10 storing the “3” control data are
changed to the “0” data. In the other cases, the control data
are retained (not changed).

The operation for detecting whether or not the memory
cell corresponding to the data memory circuit 10 storing the

control data of “2” reaches the state of storing the “2” data
is executed. With the voltage VBL1 at 1.3 V (t10), and the

signal PRE1 at “H”, the bitline BLi is charged to “H” (t11).
With the signal PRE1 at “L”, the bitline BLi1 and the voltage
VBL1 are disconnected. The select gates SG1 and SG2 of
the selected block and the non-selected word lines WL1,
WL3, WL4 are set at the power supply voltage VCC, and the
selected word line WL2 i1s set at 1.2 V (112). At the same
time the signal VRFY1 1s set at 1.3 V, the n-channel MOS
transistor Qnd4 1s executed. Accordingly, only when the first
sub-data are “0”, the potential of the bitline BL1 1s set at “L”
by the n-channel MOS transistors Qn34, Qn35 (112 to t13).

With the selected word line WL2 at 1.2 V, 1f the memory
cell corresponding to the data memory circuit 10 storing the
control data of “2” reaches the state of storing the “2” data,
the bitline BL1 remains at “H”. If the memory cell corre-
sponding to the data memory circuit 10 storing the control
data of “2” does not reach the state of storing the “2” data,
the bitline BL1 becomes “L”. Since the memory cell corre-
sponding to the data memory circuit 10 storing the control
data of “1” does not reach the state of storing the “2” data,
the bitline BL1 becomes “L”. After the select gates SG1 and
SG2, and the word lines WL1 to WL4 are reset at 0 V (113),
only when the signal VRFY2 becomes “H” and the second
sub-data are “07, the bitline BL1 is set at “H” (t14). Here the
voltage VREG 1s VCC. With the signals SEN2 and LAT2 at
“L”, the clock synchronous inverters CI3 and CI4 are
deactivated (116). With the signal PRO2 at “H” (t17), and the
signal SEN2 at “H” (t18), the clock synchronous inverter
CI3 1s activated and the voltage of the bitline BL1 1s sensed.
With the signal LAT2 at “H” (t19), the clock synchronous
inverter CI4 1s activated, and the logic level of the sensed
signal of the bitline BL1 1s latched. With the signal PRO2 at
“L” (120), the detection of whether or not the memory cell
corresponding to the data memory circuit 10 storing the
control data of “2” reaches the state of storing the “2” data
(verify read of the data “2”) 1s completed.

At the time, 1f the memory cell corresponding to the data
memory circuit 10 storing the control data of “3” has reaches
the state of storing the “3” data, the control data of the data
memory circuit 10 are changed to the “0” data. Only when
the memory cell corresponding to the data memory circuit
10 storing the control data of “2” reaches the state of storing,
the “2” data, the control data of the data memory circuit 10
are changed to the “1” data. In the other cases, the control
data are retained (not changed).
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The operation for detecting whether or not the memory
cell corresponding to the data memory circuit 10 storing the
control data of “1” has reaches the state of storing the “1”
data is executed. With the voltage VBL1 at 1.3 V (120), and
the signal PRE1 at “H”, the bitline BL1 1s charged to “H”
(21). With the signal PRE1 at “L”, the bitline BL1 and the
voltage VBLI1 are disconnected. The select gates SG1 and
SG2 of the selected block and the non-selected word lines
WL1, WL3, WL4 are sect at the power supply voltage VCC,
and the selected word line WL2 is set at 0.4 V (122).

With the selected word line WL2 at 0.4 V, if the memory
cell corresponding to the data memory circuit 10 storing the
control data of “1” reached the state of storing the “1” data,
the bitline BL1 remains at “H”. If the memory cell corre-
sponding to the data memory circuit 10 storing the control
data of “1” does not reach the state of storing the “1” data,
the bitline BL1 becomes “L”. After the select gates SG1 and
SG2, and the word lines WL1 to WL4 are reset at 0 V (123),
when the signal PRO2 becomes 1.3 V (124), and the second
sub-data are “17, the bitline BL1 1s set at “L.”. In the case the
second sub-data are “0” 1 and the bitline BL1 1s originally
“H”, the bitline BL1 remains at “H”. In the case the second
sub-data are “0” and the bitline BL1 1s originally “L”, the
bitline BL1 can reach only 0.3 V at most by the signal PRO2
of 1.3 V with the threshold voltage of the n-channel MOS
transistor Qn40 of 1 V. If the clock synchronous inverter CI1
1s set such that the voltage of the bitline BL1 of 0.3 V 1s
detected to be “L”, the bitline BL1 remains at “L”. Only
when the signal VRFY1 becomes “H”, and the first sub-data
are “07, the bit line BL1 is changed to “H” (126). With the
signals SEN1 and LAT1 at “L”, the clock synchronous
inverters CI1 and CI2 are deactivated (t28). With the signals
SEN1 and LAT1 at “L”, the clock synchronous inverters CI1
and CI2 are deactivated (128). With the signal PRO1 at “H”
(129), and the signal SEN1 at “H” (t30), the clock synchro-
nous 1verter CI1 1s activated so that the voltage of the
bitline BLi is sensed. With the signal LAT1 at “H” (t31), the
clock synchronous inverter CI2 1s activated and the logic
level of the signal of the bitline BL1 1s latched. With the
signal PRO1 at “L” (t32), the detection of whether or not the
memory cell corresponding to the data memory circuit 10
storing the control data of “1” has reached the state of
storing the “1” data (verify read of the data “1”) 1s com-
pleted. At the time, only when the memory cell correspond-
ing to the data memory circuit 10 storing the control data of
“3” has reached the state of storing the “3” data, the memory
cell corresponding to the data memory circuit 10 storing the
control data of “2” has reached the state of storing the “2”
data, and the memory cell corresponding to the data memory
circuit 10 storing the control data of “1” has reached the state
of storing the “1” data, the control data of the data memory
circuit 10 are changed to the “0” data. In the other cases, the
control data are retained (not changed).

With the signal BCL1 at “L”, the signal PRE1 at “H”, and

the voltage VFF at VCC, the programming verification
operation 1s completed.

By the programming verification operation, the control
data stored 1n the data memory circuit 10 are changed by the
programming state of the memory cell as shown 1n Table 8.
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TABLE &8

Control data Control data

Memory cell before after
programming programming programming
state verification verification
0,1,20r3 0 0
not reached 1 1 1
1 1 0
not reached 2 2 2
2 2 0
not reached 3 3 3
3 3 0

Accordingly, by repeating the programming operation
shown 1n t1 to t9 of FIG. 17 and the programming verifi-
cation operation shown 1n FIGS. 18A to 18C until all the
control data become “0”, the data programming (program) to
the memory cell M can be executed. However, preferably as
described 1n the above-mentioned first embodiment, the
verily read of the data “3”, the verily read of the data “27,
and the verily read of the data “1” are executed selectively
as mentioned below.

(1) In order to execute all of the verify read of the data
“3” the verily read of the data “2”, and the verify read of the
data “1”, the procedure shown 1n FIGS. 18A to 18C can be

executed.

(2) In order to execute only the verify read of the data “3”
and the verify read of the data “2”, the procedure shown 1n

FIGS. 18A to 18C can be executed.
(3) In order to execute only the verify read of the data “3”

and the verity read of the data “1”, only time t11 to t21 can
be omitted from the procedure shown in FIGS. 18A to 18C.

(4) In order to execute only the verify read of the data “3”,

time t11 to t34 can be omitted from the procedure shown 1n
FIGS. 18A to 18C. However, at till, the voltage VBLI1 1s

reset at 0 V, VEF at VCC, the signal PRE1 at “H”, and BCL1
at “L”.

(5) In order to execute only the verify read of the data “2”
and the verily read of the data “1”, time t1 to t1l can be
omitted from the procedure shown in FIGS. 18A to 18C.
However, at t11, the voltage VBL1 1s set at 1.3 V, VFF at 2.0
V, and BCL1 at “H”.

(6) In order to execute only the verify read of the data “27,

time t1 to t11 can be omitted from the procedure shown in
FIGS. 18A to 18C. However, at t11, the voltage VBL1 1s set

at 1.3 V, VFF at 2.0 V, and BCL1 at “H”.

(7) In order to execute only the verify read of the data “17,
time t1 to t21 can be omitted from the procedure shown 1n
FIGS. 18A to 18C. However, at t11, the voltage VBLI1 1s set
at 1.3 V, VFF at 2.0 V, and BCL1 at “H”.

Here 1n the programming verification operation in the
second embodiment of the present invention, 1in executing
the verify read of the data “2”, only the second sub-data
circuit 21 senses the bitline potential. That 1s, 1f the sense
sensitivities of the first sub-data circuit 20 and the second
sub-data circuit 21 comprising the data memory circuit 10
are not 1dentical, in the case the memory cell reaches the
state of storing the “2” data, 1t 1s possible that the control
data are change, for example, from “2” to “3” even if the use
tries to change the control data of the data memory circuit 10
from “2” to “0” by using both two sub-data circuits.
Therefore, 1t 1s possible that the memory cell to which the

data “2” are desired to be programmed, may be programmed
with the data “3”.

In order to prevent such problems, in the second embodi-
ment of the present invention, in the verify read of the data
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“2” among the programming verification operations, only
the second sub-data circuit 21 senses the bit line potential.
In the case the memory cell reaches the state of storing the
“2” data, the control data of the data memory circuit 10 are
changed from “2” to “1” at the time of the verily read. If the
verily read of the data “1” 1s executed after the verily read
of such data “2”, the originally changed control data from
“2” to “1” always become “0”. That 1s, the control data of
the data memory circuit 10 can be converted correctly so that
stable programming verification results can be obtained.

FIG. 19 shows the detailled flow of the program with
respect to the multi-level memory 1n the second embodiment
of the present mvention. The program flow 1s controlled by
the control signal and control voltage generating circuit 7
shown 1n FIG. 1. Here unlike the program flow shown 1n
FIG. 10, when the verify read of the data “2” 1s started, the
verily read of the data “1” 1s set to be always executed.

By the command of starting the program inputted in the
control signal mputting terminal 8, the program 1s started.
The counter circuit for counting the variable IWT provided
in the control signal and control voltage generating circuit 7
is reset to have IWT at 0 (S1). The initial control data for
4224 bits mputted to the data input/output terminal § are
loaded to the data memory circuit (S2).

After loading the data, the programming operation 1s
executed with the variable IWT is incremented by 1 (S3).
Whether or not the output FR3 of the data detection circuit
9 is “H” 1s checked (S4). If the output FR3 of the data
detection circuit 9 1s “H” and the data “3” remain 1n the data
memory circuit 10, whether or not the variable IWT 1is not
less than the predetermined W3 can be checked (S5). If the
variable IWT i1s not less than W3, the verily read of the data

“3” is executed (S6). If the FR3 1s at “L” or the variable IWT
1s less than W3, the verify read of the data “3” 1s omitted.

Whether or not the output FR2 of the data detection circuit
9 is “H” is checked (S7). If the output FR2 of the data
detection circuit 9 1s “H” and the data “2” remain 1n the data
memory circuit 10, whether or not the variable IWT 1s not
less than the predetermined W2 can be checked (S8). If the
variable IWT is not less than W2, the verily read of the data
“2” 1s executed (S9). If the FR2 1s at “L” or the variable IW'T
1s less than W2, the verify read of the data “2” 1s omutted.

Whether or not the output FR1 of the data detection circuit
9 1s “H” 1s checked (S510). If the output FR1 of the data
detection circuit 9 1s “H” and the data “1” remain 1n the data
memory circuit 10, whether or not the variable IWT 1is not
less than the predetermined W1 can be checked (S11). If the
variable IWT 1s not less than W1, the verily read of the data
“1” 1s executed (S12). If the FR1 is at “L” or the variable
IWT 1s less than W1, the verily read of the data “1” 1is
omitted. However, in the case the verify read of the data “2”
(S9) is executed, the verify read of the data “1” is always

executed (S12).

If all the outputs FR3, FR2, FR1 of the data detection
circuit 9 are “L”, the program 1s completed (513, S14, S15).
If even one of the outputs FR3, FR2, FR1 1s “H”, the
programming operation 1s executed again (S3). Each time
the variable IWT increments by 1, the voltage applied to the
selected word line at the time of programming (the voltage
of the selected word line 1n the time t3 to t7 shown 1n FIG.

16B) is increased by 0.4 V, and the threshold voltage of the
memory cell M for the “17, “27, “3” programming 1s raised
by 0.4 V. The predetermined W1, W2, W3 are determined as
mentioned below.

Again with reference to FIG. 11, explanation 1s provided.
FIG. 11 shows an example of the programming character-
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istic of the memory cell. The horizontal axis represents the
programming operation number IWT. The vertical axis
represents the threshold voltages of the easiest memory cell
to be programmed (white dot) and the hardest memory cell
to be programmed (black dot) after the programming opera-
tion number IWT. The threshold voltage of the ecasiest
programmed memory cell reaches 0.1 V after the first
programming operation. At the time, the threshold voltage of
the hardest programmed memory cell 1s —1.5 V. Since each
time the programming operation number increases by 1, the
voltage of the selected word line at the time of programming
1s 1ncreased by 0.4 'V, the threshold voltage of the memory
cell 1s raised substantially by 0.4 V accordingly. However,
the threshold voltage of the memory cell M connected to the

data memory circuit 10 storing the control data of “1” 1s
lower by 0.8 V.

Since neither of the threshold voltages of the memory
cells reaches 0.4 V 1n the 1nitial programming operation, all
the verify read for the data “3”, the data “2”, and the data “1”
1s not required. From the fourth time and later, since the
threshold voltage of the easiest programmed memory cell
exceeds 1.2 V, the verity read of the data “2” 1s necessary.
Since the threshold voltage of the memory cell M connected
to the data memory circuit 10 storing the control data of “1”
exceeds 0.4 V, the verily read of the data “1” becomes also
necessary. Therefore, the W1, W2 can be preliminarily
determined as 4. From the sixth time and later, since the
threshold voltage of the easiest programmed memory cell
exceeds 2.0 V, the verily read of the data “3” 1s necessary.
Therefore, the W3 can be preliminarily determined as 6.

After the ninth time programming operation, that is,
IWT=9 or later, the outputs FR1 and FR2 of the data
detection circuit become “L”. After the tenth time program-
ming operation, even the threshold voltage of the hardest
programmed memory cell exceeds 0.4 V. Therefore, the

output FR3 of the data detection circuit becomes “L” at least
from IWT=11 or later.

FIG. 20 shows the program flow 1n the case the data
detection circuit 9 shown 1 FIG. 12 1s used. The steps S4,
S7, S10 can be executed with the signals DEC3B, DEC2B,
DECI1B at “L”, respectively and checking the signals FR3,
FR2, FR1. The step S13 can be executed with the signal
DECB at “L” and checking the signal PT. In the other cases,
the program 1s executed 1n the same flow as shown 1n FIG.

19.

In the second embodiment of the present mnvention, it 1s
possible to execute the data programming by repeating the
programming operation shown 1n time tl to t9 of FIG. 17
and the programming verification operation shown in FIGS.
18A to 18C until all the control data become “0”. In this
case, 1t 1s possible to use one with the circuit configuration
shown 1n FIG. 21 as the data detection circuit 9 shown 1n

FIG. 1.

In the data detection circuit shown 1n FIG. 21, to the node
Na1 1n the first sub-data circuit 20, the gate electrode of the
n-channel MOS transistor Qn47 and one end of the current
path of the n-channel MOS transistor Qn49 are connected.
To the node Nai+1 1n the second sub-data circuit 21, the gate
clectrode of the n-channel MOS transistor Qn48 and one end
of the current path of the n-channel MOS transistor Qn30 are
connected. The n-channel MOS transistors Qnd47, Qnd8 are
circuits for detecting whether or not all the sub-data circuits
store the sub-data of “0”. In the case all the sub-data circuits
store the sub-data of “0”, the signal line PT and the ground
level become not executed, and if even one of the 4224
pieces of the sub-data circuits stores the sub-data of “17, the
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signal line PT and the ground level become executed. The
n-channel MOS ftransistors Qn49, Qn30 are for storing the
sub-data of “0” 1n all the sub-data circuits. With the signal
PRST at “H”, the sub-data of “0” are set 1n all of the 4224

pieces of the sub-data circuits.

As for the circuit configuration of the data memory
circuit, one with the first embodiment shown 1n FIG. 5 can
be easily realized. On the contrary, 1n the first embodiment,
one with the data memory circuit using the clock synchro-
nous nverter shown 1n FIG. 14 as the sense amplifier can be
casily realized.

As heretofore mentioned, a multi-level memory according
to the first aspect of the present invention, comprises an
electrically programmable memory cell (M) having at least
an erased state, a first programming state and a second
programming state, and programming circuits (2, 3, 6, 7, 9)
for programming data by repeating a programming opera-
fion for a certain program by applying a programming
voltage to the memory cell (M), a first programming veri-
fication operation for confirming whether or not the memory
cell (M) has reached the first programming state after the
programming operation, or a second programming verifica-
fion operation for confirming whether or not the memory
cell (M) has reached the second programming state after the
programming operation, wherein the programming circuit
(2,3,6,7,9) repeat the programming operation and the first
programming verification operation while omitting the sec-
ond programming verification operation 1n the first period of
the data programming, and repeats the programming
operation, the first programming verification operation and
the second programming verification operation in the second
period after the first period of the data programming.

As further preferable embodiments, the below-mentioned
can be presented.

(1) The programming circuits (2, 3, 6, 7, 9) repeat the
programming operation and the second programming veri-
fication operation while omitting the first programming
verification operation 1n the third period after the second
per1od.

(2) The programming circuit (2, 3, 6, 7, 9) change the
programming voltage to be applied to the memory cell (M)
when the memory cell (M) is confirmed to have reached the
first programming state or the second programming state.

A multi-level memory according to the first aspect of the
present invention comprises a plurality of electrically pro-
grammable memory cells (M) having at least an erased state,
a first programming state and a second programming state,
and programming circuits (2, 3, 6, 7, 9) for programming
data by repeating a programming operation for a certain
program by applying a programming voltage to the plurality
of the memory cells (M), a first programming verification
operation for confirming whether or not the memory cell
(M) to be 1n the first programming state has reached the first
programming state among the plurality of the memory cells
(M) after the programming operation, or a second program-
ming verification operation for confirming whether or not
the memory cell (M) to be in the second programming state
among the plurality of the memory cells (M) has reached the
second programming state after the programming operation,
wherein the programming circuits (2, 3, 6, 7, 9) repeat the
programming operation and the first programming verifica-
fion operation while omitting the second programming veri-
fication operation 1n the first period of the data
programming, and repeat the programming operation, the
first programming verification operation and the second
programming verification operation 1n the second period
after the first period of the data programming.
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As further preferable embodiments, the below-mentioned
can be presented.

(1) The programming circuits (2, 3, 6, 7, 9) repeat the
programming operation and the second programming veri-
fication operation while omitting the {first programming
verification operation in the third period after the second
period.

(2) The programming circuits (2, 3, 6, 7, change the
programming voltage to be applied to the memory cell (M)
to be 1n the first programming state when the memory cell
(M) to be in the first programming state is confirmed to have
reached the first programming state, and change the pro-
gramming voltage to be applied to the memory cell (M) to
be m the second programming state when the memory cell
(M) to be in the second programming state is confirmed to
have reached the second programming state.

(3) The first period is preliminarily determined.

(4) The programming circuits (2, 3, 6, 7, 9) repeat the
programming operation and the second programming veri-
fication operation while omitting the first programming
verification operation when all of the memory cells (M) to
be 1 the first programming state are confirmed to have
reached the first programming state.

(5) The programming circuits (2, 3, 6, 7, 9) detect whether
or not all of the memory cells (M) to be in the first
programming state have reached the first programming state
simultaneously.

(6) The programming circuits (2, 3, 6, 7, 9) detect whether
or not all of the memory cells (M) to be in the second

programming state have reached the second programming
state simultaneously.

(7) The programming voltage to be applied to the memory
cell (M) to be in the first programming state and the
programming voltage to be applied to the memory cell (M)
to be 1n the second programming state are equal.

(8) The programming circuits (2, 3, 6, 7, 9) complete the
programming operation after confirming that all of the
memory cells (M) applied with programming have reached
a desired programming state.

(9) The programming circuits (2, 3, 6, 7, 9) detect that all
of the memory cells (M) applied with programming have
reached a desired programming state simultaneously.

A multi-level memory according to the second aspect of
the present invention comprises a memory cell array (1)
comprising a plurality of nonvolatile memory cells (M) each
of which can store data of an n value (n£3), and data
memory circuits (10) for storing control data for determining
a programming control voltage to be applied to a selected
memory cell (M) in the memory cell array (1) in the
programming operation, wherein the data memory circuits
(10) apply the programming control voltage to the selected
memory cell (M) based on the control data stored 1n the data
memory circuits (10), the data memory circuits (10) storing,
first control data detect whether or not the selected memory
cell (M) reached the first state from the programming state
and when 1t has reached, the control data are changed to
second control data, the data memory circuits (10) storing
the second control data detect whether or not the selected
memory cell (M) reached the second state and when it has
reached, the control data are changed to third control data.

As further preferable embodiments, the below-mentioned
can be presented.

(1) The first state has a first threshold voltage level, and
the second state has a second threshold level, which 1s lower
than the first threshold voltage level.



6,023,792

31

(2) The data memory circuits (10) comprise first sub-data
circuits (CI1, CI2, Qn33, Qn34, Qn35) and second sub-data

circuits (CI3, CI4, Qn40, Qn41, Qn42), wherein the first
sub-data circuits (CI1, CI2, Qn33, Qn34, Qn35) store sub-
data of a first logic level and the second sub-data circuits
(CI3, CI4, Qn40, Qn41, Qn42) store sub-data of a first logic
level for storing the first control data, the first sub-data
circuits (CI1, CI2, Qn33, Qn34, Qn3d5) store sub-data of a
first logic level and the second sub-data circuits (CI3, CI4,
Qn40, Qn41, Qn42) store sub-data of a second logic level for
storing the second control data, and the first sub-data circuits
(CI1, CI2, Qn33, Qn34, Qn3S5) store sub-data of the second
logic level and the second sub-data circuits (CI3, CI4, Qn40,
Qn41, Qn42) store sub-data of the second logic level for
storing the third control data.

(3) The data memory circuits (10) detect whether or not
the programming state of the selected memory cell (M)
reached the first state by one of the first and second sub-data
circuits, and whether or not the programming state of the
selected memory cell (M) reached the second state by the
other one of the first and second sub-data circuits.

(4) A circuit for simultaneously detecting whether or not
all the sub-data stored in the first and second sub-data

circuits comprising all the data memory circuits (10) are at
the second logic level 1s further provided.

(5) The memory cell (M) can store four-levels, and the
first and second sub-data circuits include one flip-tlop circuit
each.

(6) The memory cell (M) can store triplicate values, and
the first and second sub-data circuits include one flip-flop
circuit each.

The present invention 1s not limaited to the first and second
embodiments mentioned above. For example, the present
invention can be realized also mm a multi-level memory
nonvolatile semiconductor memory device having NOR
type memory cell array or a hot electron charging program-
ming type multi-level memory non-volatile semiconductor
memory device. Other changes and modifications can be
adopted within the range not parting from the essential
clements of the present invention.

Additional advantages and modifications will readily
occur to those skilled in the art. Therefore, the present
invention 1n 1ts broader aspects 1s not limited to the speciiic
details, representative devices, and illustrated examples
shown and described herein. Accordingly, various modifi-
cations may be made without departing from the spirit or
scope ol the general inventive concept as defined by the
appended claims and their equivalents.

We claim:

1. A multi-level memory comprising;

an electrically programmable memory cell having at least
an erased state, a first programming state and a second
programming state, and

a programming circuit for programming data by repeating
a programming operation by applying a programming
voltage to saxd memory cell, a first programming veri-
fication operation for confirming whether said memory
cell has reached said first programming state after said
programming operation, or a second programming
verification operation for confirming whether said
memory cell has reached the second programming state
after said programming operation,

wherein said programming circuit repeats said program-
ming operation and said first programming verification
operation except for said second programming verifi-
cation operation in a first period of data programming,
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and repeats said programming operation, said first
programming verification operation and said second
programming verification operation in a second period
alter the first period of data programming.

2. The multi-level memory according to claim 1, wherein
said programming circuit changes the programming voltage
to be applied to said memory cell when said memory cell 1s
confirmed to have reached a predetermined programming
state.

3. The multi-level memory according to claim 1, wherein
sald programming circuit repeats said programming opera-
fion and said second programming verification operation
except for said first programming operation 1n a third period
after said second period.

4. The multi-level memory according to claim 3, wherein
said programming circuit changes the programming voltage
to be applied to said memory cell when said memory cell 1s
coniirmed to have reached a predetermined programming
state.

5. A multi-level memory comprising:

a plurality of electrically programmable memory cells
cach having at least an erased state, a first programming,
state and a second programming state, and

a programming circuit for programming data by repeating
a programming operation by applying a programming,
voltage to said plurality of memory cells at the same
time, and at least one programming verification opera-
tion selected from the group consisting of a first pro-
gramming verification operation for confirming
whether the memory cell to be 1n the first programming
state among said plurality of memory cells has reached
the first programming state after said programming,
operation and a second programming verification
operation for confirming whether the memory cell to be
in the second programming state among said plurality
of memory cells has reached said second programming
state after said programming operation,

wherein said programming circuit repeats said program-
ming operation and said first programming verification
operation except for said second programming veriii-
cation operation 1n a first period of data programming,
and repeats said programming operation, said first
programming verification operation and said second
programming verification operation 1n a second period
alter the first period of data programming.

6. The multi-level memory according to claim 5, wherein
said programming circuit changes the programming voltage
to be applied to the memory cell to be 1n said first program-
ming state when said memory cell to be 1n the first pro-
cramming state 1s confirmed to have reached said first
programming state, and changes the programming voltage to
be applied to the memory cell to be 1n said second program-
ming state when said memory cell to be 1 said second
programming state 1s confirmed to have reached said second
programming state.

7. The multi-level memory according to claim 5, wherein
the first period 1s preliminarily determined.

8. The multi-level memory according to claim 5, wherein
said programming circuit applies an equal programming
voltage to the memory cell to be 1n said first programming
state and to the memory cell to be 1n said second program-
ming state.

9. The multi-level memory according to claim 5§, wherein
saild programming circult completes said programming
operation after confirming that all of the memory cells
applied with programming have reached a desired program-
ming state.
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10. The multi-level memory according to claim 9,
wherein said programming circuit simultaneously detects
that all of the memory cells applied with programming have
reached the desired programming state.

11. The multi-level memory according to claim 5, wherein
sald programming circuit repeats said programming opera-
fion and said second programming verification operation
except for said first programming operation 1n a third period
after said second period.

12. The multi-level memory according to claim 11,
wherein said programming circuit changes the programming,
voltage to be applied to the memory cell to be 1n said first
programming state when said memory cell to be 1n the first
programming state 1s confirmed to have reached said first
programming state, and changes the programming voltage to
be applied to the memory cell to be 1n said second program-
ming state when said memory cell to be 1n said second
programming state 1s confirmed to have reached said second
programming state.

13. The multi-level memory according to claim 11,
wherein the first period 1s preliminarily determined.

14. The multi-level memory according to claim 11,
wherein said programming circuit repeats said programming,
operation and the second programming verification opera-
tion except for said first programming operation when all of
the memory cells to be 1n said first programming state are
confirmed to have reached said first programming state.

15. The multi-level memory according to claim 14,
wherein said programming circuit simultaneously detects
whether all of the memory cells to be 1n said first program-
ming state have reached said first programming state.

16. The multi-level memory according to claim 14,
wherein said programming circuit simultaneously detects
whether all of the memory cells to be 1n the second pro-
cramming state have reached the second programming state.

17. A multi-level memory comprising:

a memory cell array comprising a plurality of nonvolatile
memory cells each for storing data of an n value (n=3),
and

data memory circuits for storing control data for deter-
mining a programming control voltage to be applied to
a selected memory cell 1n said memory cell array 1n a
programming operation, wherein said data memory
circuits apply the programming control voltage to the
selected memory cell based on the control data stored
in the data memory circuits,

said data memory circuits storing first control data and
detecting whether the selected memory cell has reached
a first state and changing the control data to second

control data when the selected memory cell has reached
the first state,

the data memory circuits storing said second control data
and detecting whether the selected memory cell has
reached a second state and changing the control data to
third control data when the selected memory cell has
the second state.

18. The multi-level memory according to claim 17,
wherein said first state has a first threshold voltage level, and
sald second state has a second threshold level, which 1s
lower than the first threshold voltage level.

19. The multi-level memory according to claim 17,
wherein said data memory circuits comprise first sub-data
circuits and second sub-data circuits, wherein said first
sub-data circuits store sub-data of a first logic level and said
second sub-data circuits store sub-data of a first logic level
for storing said first control data, said first sub-data circuits
store sub-data of a first logic level and said second sub-data
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circuits store sub-data of a second logic level for storing said
second control data, and said first sub-data circuits store
sub-data of said second logic level and said second sub-data
circuits store sub-data of said second logic level for storing
said third control data.

20. The multi-level memory according to claim 19,
wherein one of the first and second sub-data circuits of each
of said data memory circuits detects whether a programming
state of the selected memory cell has reached the first state,
and the other one of the first and second sub-data circuits of
cach of said data memory circuits detects whether the
programming state of the selected memory cell has reached
the second state.

21. The multi-level memory according to claim 19, fur-
ther comprising a circuit for simultaneously detecting
whether all the sub-data stored in the first and second
sub-data circuits of the data memory circuits are at said
second logic level.

22. The multi-level memory according to claim 19,
wherein said memory cell stores four-levels, and each of
said first and second sub-data circuits includes a flip-flop
circuit.

23. The multi-level memory according to claim 19,
wherein said memory cell stores three-levels, and each of
said first and said second sub-data circuits includes a flip-
flop circuait.

24. A multi-level memory comprising:

a memory cell array comprising a plurality of nonvolatile
memory cells each for storing data of an n value (n=3),
and

data memory circuits for storing control data for deter-
mining programming control voltages to be applied to
respective ones of the memory cells 1n said memory
cell array 1n a programming operation, wherein

sald data memory circuits apply the programming control
voltages to the respective ones of the memory cells
based on the control data stored in the data memory
circuits in the programming operation,

sald data memory circuits storing first control data and
detecting whether corresponding memory cells have
reached a first state 1n a first programming verily
operation, the first control data stored in the data
memory circuits corresponding to the memory cells
which have reached the first state being modified to
second control data,

said data memory circuits storing the second control data
and detecting whether corresponding memory cells
have reached a second state 1n a second programming
verily operation, the second control data stored in the
data memory circuits corresponding to the memory

cells which have reached the second state being modi-
fied to third control data, and

saild programming operation, said first programming,

verily operation and said second programming verily
operation are repeated.

25. The multi-level memory according to claim 24,
wherein the first state has a first threshold level, and the
second state has a second threshold level, which 1s lower
than the first threshold voltage level.

26. The multi-level memory according to claim 24,
wherein each of said data memory circuits comprises a first
sub-data circuit and a second sub-data circuit, wherein said
first sub-data circuit stores sub-data of a first logic level and
said second sub-data circuit stores sub-data of the first logic
level for storing the first control data, said first sub-data
circuit stores sub-data of the first logic level and said second
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sub-data circuit stores sub-data of a second logic level for
storing the second control data, and said first sub-data circuit
stores sub-data of the second logic level and said second
sub-data circuit stores sub-data of the second logic level for
storing the third control data.

27. The multi-level memory according to claim 26,
wherein said second sub-data circuit of each of said data
memory circuits detects whether a programming state of a
corresponding memory cell has reached the first state, and
said first sub-data circuit of each of said data memory
circuits detects whether the programming state of a corre-
sponding memory cell has reached the second state.

28. The multi-level memory according to claim 26, fur-
ther comprising a circuit for simultaneously detecting

36

whether all the sub-data stored in the first and second
sub-data circuits of all the data memory circuits are at the
second logic level.

29. The multi-level memory according to claim 26,
wherein said memory cells store four-levels, and each of
said first and second sub-data circuits includes a flip-flop
circuit.

30. The multi-level memory according to claim 26,

1np wherein said memory cells store three-levels, and each of

said first and said second sub-data circuits includes a flip-
flop circuat.
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